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ABSTRACT
Elastin provides many tissues with remarkable resilience and longevity. In elastic ar-
teries such as aorta, elasticity is crucial for energy storage and transmission of the pulsatile
blood flow. Human aorta is comprised of approximately 47% elastic fibers and undergoes
several billion stretch cycles in the course of one’s lifetime. Elastin is remarkably long
lived, and it can suer from cumulative eects of exposure to biochemical damages. Non-
enzymatic glycation is one of the main mechanisms of aging and its eect is magnified in
diabetic patients. The overall goal of this research is to advance the current understanding
of the structural and mechanical roles of elastin in arterial mechanics with the eects of im-
mediate biochemical environments using a coupled experimental and modeling approach.
Such knowledge is integral to understanding the performance of elastin in living biological
systems.
Our study shows that there exists an intrinsic mechanical interaction among extracel-
lular matrix (ECM) constituents that determines the mechanics of arteries and carries im-
portant implications to vascular mechanobiology. Considering the organization and en-
vi
gagement behavior of dierent ECM constituents in the arterial wall, we proposed a new
constitutive model of ECM mechanics that considers the distinct structural and mechanical
contributions of medial elastin, medial collagen, and adventitial collagen, to incorporate
the constituent-specific fiber orientation and the sequential fiber engagement in arterial me-
chanics. Our study also reveals several interesting and important changes associated with
non-enzymatic elastin glycation. Specifically, with in vitro glucose treatment, the stiness
of elastin increases significantly, and elastin exhibits a large hysteresis in the stress-stretch
curves and an increase stress relaxation. Analysis of the relaxation time distribution spectra
suggests that hydrogen bonding plays a major role in the relaxation behavior after glucose
exposure. A multi-exponential model was developed to describe the relaxation behavior
with material parameters obtained directly from continuous relaxation time distribution
spectra. Elastin at dierent hydration levels was also studied to further understand the ef-
fects of immediate biochemical environments on the biomechanical behavior of elastin,
and the close association of extra- and intrafibrillar water with the mechanical behavior of
elastin.
vii
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1CHAPTER 1
INTRODUCTION
1.1 Objectives
Passive mechanical properties of arteries are governed by its structural proteins such as
elastin and collagen fibers. Understanding the structural and mechanobiological contribu-
tions of elastin and collagen, the primary load-bearing constituents in the arterial wall, can
lead to better understanding of vascular remodeling associated with many cardiovascular
diseases. Elastic fibers, one of the major structural components of the extracellular matrix
(ECM), are essential to provide elasticity to the aortic wall and to accommodate intermit-
tent deformations encountered during cardiac cycles. As a result, elastin plays an important
role in many pathogenesis conditions. The main goal of this thesis is to advance the current
understanding of the structural and mechanical roles of elastin in arterial mechanics with
the eects of immediate biochemical environments and provide insights on the intrinsic
mechanical contributions of elastin to the mechanics of arterial wall.
1.2 Cardiovascular Diseases and ECM Remodeling
Cardiovascular diseases (CVDs), a major cause of morbidity and mortality, are asso-
ciated with vascular wall remodeling which involves changes in geometry, microstructure,
and material properties (Humphrey, 2002). Hypertension, which is accompanied by arte-
2rial stiening and hypertrophy, is correlated with alterations in smooth muscle cells (SMCs)
and ECM components (Arribas et al., 2006). In aneurysms arteries have decreased elastin
content and increased collagen (Carmo et al., 2002), and these microstructural changes re-
sult in an increase in elastic modulus (Vande Geest et al., 2006; Matsumoto et al., 2009).
The age-related arterial stiening due to the replacement of elastin by less distensible col-
lagen is accelerated by diseases such as hypertension and diabetes (Sims et al., 1996; McE-
niery et al., 2007). Aging and diabetes are characterized by advanced glycation end-product
(AGE) formation and increased cross-links (Sell and Monnier, 2012). Aging and patholog-
ical conditions also accompany arterial stiening (van Popele et al., 2001; Mackey et al.,
2007). As elastin is the primary site within the vascular wall of major degenerative mech-
anisms in such conditions, it is hypothesized that changes in elastins biochemical environ-
ment, such as exposure to various lipids, is a contributor to the arterial stiening in various
cardiovascular risks (Tarnawski et al., 1995; Wilkinson and Cockcroft, 2007).
1.3 Structure of an Artery
Arteries are the blood vessels that convey blood from heart to all parts of the body.
In general, arteries can be divided into two types: elastic arteries, such as the aorta and
common carotids, and muscular arteries, such as the coronaries and femorals. Both elastic
and muscular arteries consist of three layers (Figure 1.1): tunica intima, tunica media,
and tunica adventitia. The tunica intima layer is made up of a single layer of endothelial
cells and its main purpose is to provide hemocompatibility with the blood. There is also a
subendothelial layer in elastic arteries while it is almost not present in muscular arteries. In
3Figure 1.1: Structure of an artery wall Holzapfel et al. (2000)
diseases such as atherosclerosis, the intima becomes thicker and stier so that it may make a
significant contribution to the mechanical properties of the arterial wall. The tunica media,
the middle layer of the arterial wall, contains smooth muscle cells that are embedded in
an extracellular matrix (ECM) of elastic fibers, collagen fibers, as well as aqueous ground
substance matrix containing proteoglycans. The ECM bears the majority of arterial wall
stress and determines the passive mechanical behavior of large elastic arteries. The SMCs
provide active contraction and are responsible for the regulation of blood vessel diameter,
blood pressure, and blood flow distribution. There are multiple layers of elastic lamellae in
the media and it is separated from the intima and adventitia by the internal elastic lamina
and external elastic lamina, respectively. The number of elastic lamellae decreases with the
4arterial tree distance from the heart and there are few lamellae remaining in the muscular
arteries. The outermost layer is the tunica adventitia that consists primarily of a dense
network of collagen fibers. The large content of collagen fibers prevents the artery from
rupture at high pressure.
1.4 Hierarchical Structures of Elastin and Collagen
Elastin and collagen are the major ECM constituents in large elastic arteries. Elastin, an
insoluble amorphous protein, is constituted of cross-linked soluble tropoelastin molecules.
Elastic fibers consist of an inner cross-linked elastin core surrounded by a mantle of fibrillin-
rich microfibrils (Mecham, 2008). Human aorta is comprised of approximately 47% elastic
fibers (Starcher and Galione, 1976). In elastic arteries such as the aorta, elastic fibers form
thick concentric fenestrated layers of elastic lamellae, with inter-lamellar connecting fibers
distributed radially through the vessel wall (O’Connell et al., 2008)(Figure 1.2). Each elas-
tic lamellae alternates with a layer of SMCs, collagen fibers, and together, organize into a
lamellar unit which is considered as the functional unit of the vessel wall (Brooke et al.,
2003).
Collagen fibers primarily provide structural integrity and mechanical properties at higher
strains. It has a triple helix structure of collagen molecules that are cross linked through
lysine and hydroxyl lysine to form collagen fibrils that have the tensile strength of steel
(Ottani et al., 2002; Silver et al., 2003). Aggregation of collagen fibrils forms a collagen
fiber, which is the most abundant protein in the body. (Figure 1.3). Collagen is about three
orders of magnitude stier than elastin (Dobrin, 1978).
5Figure 1.2: (a) Histology image of intact aorta. Movats pentachrome stains elastin
purple-black, collagen yellow, and cells red (Zou and Zhang, 2011). (b) and (c)
Scanning electron microscopy of isolated elastin network (both scale bars represent
20m) (Zou and Zhang, 2009)
Collagen has a half-time of 22 days for arteries (Humphrey et al., 2014). Elastin pro-
duction, however, is generally finished before early childhood and has a very low turnover
rate with a half-life of approximately 70 years. Elastic fibers are expected to provide elas-
ticity to the tissue through the lifetime of the individual (Sherratt, 2009).
Figure 1.3: Hierarchical structure of collagen fibers (Gautieri et al., 2011)
61.5 Importance of Biochemical Modifications of Long-lived ECM Proteins
There are many biochemical changes in the ECM with aging and diseases, importantly
glycation, lipoxidation, oxidization, each changes the long-lasting ECM structural proteins
(Sell and Monnier, 2012; Zarkovic et al., 2015). Arterial elastin is an extremely hydropho-
bic protein, which makes it an attractive site for the deposition of hydrophobic ligands such
as lipids that could potentially alter elastins mobility (Lillie and Gosline, 2002a). Non-
enzymatic glycation, the reaction between glucose and the ECM proteins, is magnified
in diabetic patients (Winlove and Parker, 1990; Winlove et al., 1996; Lillie and Gosline,
1996). It is one of the main mechanisms of ageing of the long-lived ECM protein, and
has been shown to correlate with the severity of diabetic complications (Vlassara et al.,
1986; Vishwanath et al., 1986), and to accelerate the age associated stiening of arteries
in diabetic patients (Cameron et al., 2003). Non-enzymatic glycation of collagen and its
association with diabetes has been extensively studied, but elastin, because it has fewer
possible glycation sites, has received much less attention (Bailey, 2001).
It is important to mention that the ECMmolecules are strictly organized. Even minor al-
terations such as a single amino acid substitution can lead to altered physiochemical proper-
ties of the tissue. End products or side chain modifications from biochemical modifications
greatly compromise the mechanical function of ECM, which have important medical and
physiological consequences. Important consequences of these biochemical reactions also
include changed environmental niches for cells, which aect their health and development,
and vicious cycles of progressively increasing damage. Despite the documented biochem-
7ical modifications of ECM and their association with CVD, the eects on the mechanical
functionality of ECM remains poorly understood. The goal of this work is to advance the
current understanding of the structural and mechanical roles of elastin in arterial mechanics
with the eects of immediate biochemical environments using a coupled experimental and
modeling approach. Such knowledge is integral to understanding the ECM performance in
living biological systems.
1.6 Outline of the Research
In Chapter 2, we introduced the experimental methods which are used in this study,
including biaxial tensile testing and histology studies.
In Chapter 3, we developed a new constitutive model of ECM mechanics that consid-
ers the distinct structural and mechanical contributions of medial elastin, medial collagen,
and adventitial collagen. Planar biaxial tensile testing method was used to characterize the
orthotropic and hyperelastic behavior of porcine thoracic aorta. The constituent-specific
fiber orientation and the sequential fiber engagement were incorporated into the constitutive
model. Considering the sequential engagement of ECM constituents in arterial mechanics,
a recruitment density function was incorporated into the model to capture the delayed en-
gagement of adventitial collagen.
In Chapter 4, we developed a two-stage approach to investigate the eects of water loss
on the mechanical properties of porcine aortic elastin. The hydration level of elastin was
reduced by enclosing the tissue in a dialysis tubing and then submerging it in Polyethylene
Glycol (PEG) solution at various concentrations. Biaxial tensile and stress relaxation tests
8were performed to study the elastic and viscoelastic properties of fully hydrated and the
corresponding dehydrated tissue. Tissue water content was correlated with the mechanical
behavior of elastin to elucidate the roles of water compartments.
In Chapter 5, we investigated the eects of glucose on mechanical properties of iso-
lated porcine aortic elastin. Equibiaxial tensile tests were performed to study the changes
of elastic properties of elastin due to glycation. An eight-chain statistical mechanics based
microstructural model was used to study the hyperelastic and orthotropic behavior of the
glucose treated elastin and the material parameters were estimated using a nonlinear least
squares method. Material parameters in the model were related to the possible microstruc-
tural changes due to glucose treatment.
In Chapter 6, we studied the eect of glucose on the viscoelastic behavior of purified
porcine aortic elastin. Biaxial stress relaxation tests were performed to study the viscoelas-
tic property of elastin before and after glucose treatment. Continuous relaxation time distri-
bution spectra were obtained from the stress relaxation data using Tikhonov regularization
method. A multi-exponential model was developed to describe the stress relaxation behav-
ior with material parameters obtained directly from the continuous relaxation spectrum.
In Chapter 7, conclusions and outlook to future work are presented.
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EXPERIMENTAL METHODS
2.1 Overview
This chapter gives an introduction to the experimental methods used in this project, in-
cluding biaxial tensile testing, histology studies, transmission electron microscopy (TEM),
and multi-photon microscopy.
2.2 Biaxial Tensile Testing
Due to the presence of mechanical anisotropy of biological tissues, biaxial tensile test-
ing is commonly used to fully characterize the mechanical properties. Generally two as-
sumptions are made for data analysis in biaxial tensile testing. (1) A plane stress state is
assumed since the thickness of the sample was small compared to the length and width. (2)
Soft biological tissues are considered to be incompressible so that the volume of the sample
is preserved during loading.
For our experiments, sandpaper tabs were attached to the top and bottom faces along the
edges of the about 20 mm square tissue samples with cyanoacrylate glue (Elmers Products,
Columbus, OH). The sutures were looped through the sandpaper fold and connected to the
linear positioners of the biaxial tensile tester controlled by means of a custom LabVIEW
program (National Instruments, Austin, TX). Load cells mounted in both circumferential
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and longitudinal sample directions were used to measure and record the load applied to the
samples (Figure 2.1). Prior to the testing, four carbon dot markers forming an approxi-
mately 5 mm  5 mm square were placed at the center of the samples, and a CCD camera
was used to track the displacement of markers from which the stretches in both directions
were determined (Chow et al., 2013b).
Figure 2.1: Picture of the biaxial tensile tester showing the sample mounted to the
linear positioners with the sutures looped through the sandpaper fold glued to each
side.
2.2.1 Quasi-static biaxial tensile test
For each test, a small preload was applied in order to ensure flatness and tautness of
the tissue. The preloaded configuration was chosen as the reference configuration for stress
and stretch calculations. Before actual test, each sample was preconditioned for 8 or 10
cycles with 10 s of half cycle time equibiaxially to obtain a repeatable material response.
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After preconditioning, 8 or 10 cycles of biaxial tension was applied to each sample to allow
it to exhibit repeatable loading and unloading responses. The load and stretch in both di-
rections used for analysis were collected from the last cycle, when the stress-stretch curves
were stable. Cauchy stress, , was calculated based on plane stress and incompressibility
assumptions and by using the tissue dimensions measured before tensile testing:
1 =
F1
L02t
2 =
F2
L01t
(2.1)
where F is the applied load,  is the stretch determined from the ratio of the deformed
length to the initial length, L0 and t are the initial length and thickness of the tissue. Sub-
scripts 1 and 2 denote the longitudinal and circumferential directions, respectively, of the
tissue.
2.2.2 Stress relaxation test
Before stress relaxation test, tissue samples were preconditioned for 8 or 10 cycles with
10 s of half cycle time equibiaxially to obtain repeatable material responses. Five cycles
of stress relaxation preconditioning tests were performed firstly to achieve and confirm the
repeatability of the viscoelastic behavior. For stress relaxation test, equi-biaxial tensile test
was first performed to reach synchronization. Immediately after the last cycle of tensile
test, the sample was quickly loaded to the target stretch with a rise time of 2 s and held at
this constant stretch for 900 s. The load in both directions was recorded during the holding
period. Cauchy stress  was calculated and used to describe the viscoelastic behavior of
the tissue.
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2.3 Histology
Histology is essential for the qualitative study of microstructures of biological tissues.
In this research, the histological studies were carried out to validate the removal of SMCs
and other ECM components in the isolated elastin. Aorta and elastin samples were fixed in
10% formaldehyde (Fisher Scientific) for histological studies. A cross-section of about 6 m
in thickness was cut along the longitudinal direction and stained with Movats pentachrome,
which stains collagen fibers yellow, nuclei/elastic fibers purple to black, SMCs red and
ground substance blue (Taylor et al., 1999; Arbustini, 2002; Zou and Zhang, 2011; Chow
et al., 2013b).
2.4 Transmission Electron Microscopy (TEM)
Aorta and purified elastin samples were fixed in 3% glutaraldehyde in 0.1 M sodium ca-
codylate buer (pH 7.4). The samples were then washed in buer, and sequentially treated
with 1% osmium tetroxide in buer, 2% tannic acid in buer and 2% uranyl acetate in wa-
ter as previously described (Davis, 1993). The samples were dehydrated through a graded
series of methanol to propylene oxide, infiltrated with propylene oxide:Epon mixtures and
embedded in pure Epon. The blocks were polymerized at 60 C for 3 days. Thin sections
(60 nm) were counterstained with methanolic uranyl acetate and lead citrate and viewed
using a Tecnai 12 transmission electron microscope at 120 kV. Images were digitally cap-
tured.
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2.5 Multi-photon Microscopy
Multi-photon microscopy uses the excitation of the targeted molecule resulted from the
simultaneous absorption of multiple photons in order to image the specimen (Centonze
and White, 1998). The longer wavelength and lower energy excitation used by this imag-
ing technique lead to less damage to the specimen and less scattering of the excitation.
There are two major types of signals responsible for forming images, two-photon excited
fluorescence (2PEF) and second-harmonic generation (SHG). 2PEF has been employed for
imaging elastin since it exhibit a strong auto-fluorescent signal attributed to desmosine and
isodesmosine cross-links in the elastin (Zoumi et al., 2004; Boulesteix et al., 2006; Aptel
et al., 2010). SHG occurs exclusively with dense noncentrosymmetric organizations such
as collagen (Zoumi et al., 2004; Boulesteix et al., 2006; Aptel et al., 2010). Therefore,
arteries can be imaged with the simultaneously excited and detected 2PEF and SHG sig-
nals. As seen in Figure 2.2a, an aortic sample was imaged and the collagen fibers appear
blue while the elastic fibers appear green. Images of collagen fibers (Figure 2.2b) and elas-
tic fibers (Figure 2.2c) were obtained after processing the aortic image and separating the
channels in ImageJ.
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Figure 2.2: A representative cross sectional (a) and planar (d) multi-photon image
of collagen (blue) and elastin (green) captured from an aortic sample and split into
separate images of collagen (b) (e) and elastin (c) (f). The circumferential direction
of the tissue is parallel to the horizontal edge of the images. Images are 360  360
m. (provided by Chow, M.J.)
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CHAPTER 3
ARTERIAL MECHANICS CONSIDERING THE STRUCTURAL AND
MECHANICAL CONTRIBUTIONS OF ECM CONSTITUENTS
3.1 Overview
Considering the organization and engagement behavior of dierent extracellular matrix
(ECM) constituents in the medial and adventitial layer of the arterial wall, in this study, we
proposed a new constitutive model of ECM mechanics that considers the distinct structural
and mechanical contributions of medial elastin, medial collagen, and adventitial collagen,
to incorporate the constituent-specific fiber orientation and the sequential fiber engagement
in arterial mechanics. Planar biaxial tensile testing method was used to characterize the
orthotropic and hyperelastic behavior of porcine thoracic aorta. Fiber distribution func-
tions of medial elastin, medial collagen, and adventitial collagen were incorporated into
the constitutive model. Considering the sequential engagement of ECM constituents in ar-
terial mechanics, a recruitment density function was incorporated into the model to capture
the delayed engagement of adventitial collagen. A freely jointed chain model was used
to capture the mechanical behavior of elastin and collagen at the fiber level. The tissue-
level ECM mechanics was obtained by incorporating fiber distribution, engagement, and
elastin and collagen content. The multi-scale constitutive model considering the structural
and mechanical contributions of the three major ECM constituents allows us to directly in-
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corporate information obtained from quantitative multi-photon imaging and analysis, and
biochemical assay for the prediction of tissue-level mechanical response. Moreover, the
model shows promises in fitting and predicting with a small set of material parameters,
which has physical meanings and can be related to the structure of the ECM.
3.2 Introduction
Arteries have three layers: tunica intima, tunica media, and tunica adventitia. The tu-
nica intima layer is made up of a single layer of endothelial cells and its main purpose is
to provide hemocompatibility with the blood. The tunica media, the middle layer of the
arterial wall, contains smooth muscle cells that are embedded in a matrix of elastic fibers,
collagen fibers, as well as aqueous ground substance matrix containing proteoglycans. The
outermost layer is the tunica adventitia that consists primarily of a dense network of colla-
gen fibers.
Elastin and collagen are the major extracellular matrix (ECM) constituents in large elas-
tic arteries. Human aorta is comprised of approximately 47% elastic fibers and undergoes
billions of stretch cycles in the course of one’s lifetime (Starcher and Galione, 1976). Elas-
ticity is crucial for aortas to accommodate the pulsatile blood flow. Elastic fibers consist
of an inner crosslinked elastin core surrounded by a mantle of fibrillin-rich microfibrils
(Mecham, 2008). In elastic arteries such as the aorta, elastic fibers form thick concentric
fenestrated layers of elastic lamellae, with inter-lamellar connecting fibers distributed radi-
ally through the vessel wall (O’Connell et al., 2008). Each elastic lamellae alternates with
a layer of smooth muscle cells, collagen fibers, and together, organize into a lamellar unit
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which is considered as the functional unit of the vessel wall (Brooke et al., 2003). Collagen
fibers primarily provide structural integrity and mechanical properties at higher strains. It
has a triple helix structure of collagen molecules and these structures bundle together to
form collagen fibrils. The structural and mechanobiological interrelations between elastin
and collagen, the primary load-bearing components in the arterial wall, are important for
properly functioning arteries.
With the help of optical techniques, many studies have attempted to quantify, and then,
directly incorporate some of the structural information, such as fiber orientation and un-
dulation properties, into structural-based constitutive models, pioneered by the work from
Lanir (1979). In some of these studies, elastin and collagen fibers were assumed to be lin-
ear elastic material and the nonlinear response of tissues was considered to be the result of
collagen recruitment. Later, Lokshin and Lanir (2009) investigated the sensitivity of elastin
and collagen fiber dispersion as well as collagen undulation distribution.
Motivated by the tissue structure, varieties of constitutive formulations have been pro-
posed for the study of biological tissues. Considering the fiber reinforced composite struc-
ture of arterial wall, Holzapfel et al. (2000) proposed an exponential-based constitutive
model for the arterial wall in which they assumed multiple families of collagen fibers with
preferred orientations. Later the model was extended to incorporate the 3D dispersion
property of collagen fibers (Gasser et al., 2006). Some other models have been developed
assuming one or multiple fiber families that are undulated with a stochastic nature (Wuyts
et al., 1995; Zulliger et al., 2004; Cacho et al., 2007; Rezakhaniha et al., 2011; Zeinali-
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Davarani et al., 2013, 2015). In these models the gradual recruitment of collagen fibers is
responsible for the stiening behavior of collagenous tissues.
Previous constitutive models have mainly focused on the undulation and distribution of
adventitial collagen fibers in arterial mechanics, while the rest of the arterial structure was,
to a large extent, treated as an isotropic matrix material. Our recent study coupling me-
chanical loading and multi-photon imaging provided new understandings on how medial
elastin, medial collagen, and adventitial collagen play unique structural and mechanical
roles in response to mechanical loading (Chow et al., 2014). Specifically, the three ECM
constituents work cooperatively and are sequentially engaged with an immediate recruit-
ment of the elastin and medial collagen, but a delayed engagement of adventitial collagen.
The distinct contributions of the ECM constituents to arterial mechanics are important in
modifying the dynamic behavior of the arterial wall, and need to be considered in constitu-
tive modeling of arterial mechanics. In this study, a new constitutive model is proposed that
considers the constitutional structural and mechanical contributions from medial elastin,
medial collagen, and adventitial collagen fibers.
3.3 Materials and Methods
3.3.1 Sample preparation
Four porcine thoracic aortas from 12-24 month-old pigs were harvested from a local
slaughter house and cleaned of adherent tissues. Two square aortic samples of about 20
mm  20 mm were prepared from each thoracic aorta. Mechanical testing was performed
within 48 hours of harvesting to minimize the eects of microstructural degradation on the
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artery.
3.3.2 Biaxial tensile testing
Equi- and nonequi-biaxial tensile tests were performed to characterize the mechanical
behavior of the aortic tissue (n = 7), refer to Chapter 2 for details. Particular experimental
settings for this study include a preload of 2  0:05 N/m, eight cycles of equi-biaxial ten-
sion of 30 N/m during preconditioning. Following the preconditioning cycles, eight cycles
of one equi-biaxial and two nonequi-biaxial tensions were applied to each aortic sample
according to the following protocols: fl : fc = 2 : 3; 1 : 1; 3 : 2. Where fl : fc is the ratio of
tension applied in the longitudinal and circumferential directions, respectively.
3.4 Constitutive Modeling
A constitutive model of ECM mechanics is developed that considers the contribution
from medial elastin (ME), medial collagen (MC), and adventitial collagen (AC) con-
stituents, and incorporates the constituent-specific distribution orientations Ri() and the
sequential fiber engagement in the hyperplastic and anisotropic arterial behavior. The total
strain energy function of the arterial wall is the sum of the constituent strain energy, Wi,
and can be represented as W =
P
Wi. Here and throughout the paper, i = ME;MC; AC
correspond to medial elastin, medial collagen and adventitial collagen, respectively.
3.4.1 ECM constituent fiber network model
A fiber distribution network model is used to incorporate the experimentally measured
fiber distribution function Ri(), and the elastin and collagen content ni. The ECM con-
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stituent strain energy function, Wi, is assumed to be the sum of the individual fiber strain
energies and can be expressed as:
Wi = ni
Z =2
 =2
wi(i)Ri() d (3.1)
where wi(i) is the strain energy function at the fiber level. The elasticity of elastin and
collagen fibers is described by an entropy-based freely-jointed chain model, based on non-
Gaussian statistical mechanics for large deformation (Kuhn and Gru¨n, 1942):
wi(i) = kNi
0BBBB@ iNii + ln 
i

sinh i
1CCCCA (3.2)
In Equation 3.2 Ni is the number of rigid links within each chain, i is the normalized
deformed chain length and is related to the fiber-level Green-Lagrange strain " by i =
Pi
p
2" + 1, and Pi =
p
Ni is the normalized undeformed chain length. i = L 1(i=Ni),
where L(x) = coth x   1=x is the Langevin function. k = 1:38  10 23J=K is Boltzmanns
constant, and  = 298K is the absolute temperature. Under ane assumption, the fiber-
level Green-Lagrange strain " can be related to tissue-level Green-Lagrange strain tensor E
by " =MTEM, whereM = cos iˆ + sin  jˆ is the unit vector parallel to the fibers long axis,
and  is the fiber angle with respect to the circumferential direction.
To maintain a stress-free state at the reference configuration, an additional term is
needed in the strain energy function in Equation 3.2, and the new constituent strain en-
ergy function becomes:
Wi = ni
Z =2
 =2
 i(i)Ri() d (3.3)
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where  is the fiber level strain energy function with the additional term, and
 i = wi   kPiiP ln  f (3.4)
where  f =
p
2" + 1 is the fiber-level stretch. The Cauchy stress for each constituent can
then be obtained by i = J 1FSiFT, where Si = @Wi=@E is the second Piola-Kirchho
stress, F is the deformation gradient, and J = det(F). The corresponding constituent
Cauchy stress is then:
i =
nik
J
Pi
Z =2
 =2
0BBBBB@i f   
i
P
2f
1CCCCCA (FM)(FM)TRi() d (3.5)
3.4.2 Arterial mechanics considering the sequential engagement of ECM constituents
Considering the sequential recruitment of ECM constituents in response to mechanical
loading, a normal recruitment function ACf (Lanir, 1979) is included to capture the delayed
adventitial collagen engagement, and
ACf =
1p
2dAC
exp
"
  (x   mAC)
2
2d2AC
#
(3.6)
wheremAC and dAC are the mean and standard deviation of the normal distribution, defining
the shape of the recruitment function. The total strain energy function considering the
delayed adventitial collagen engagement is:
W = nME
Z =2
 =2
 MERME() d + nMC
Z =2
 =2
 MCRMC() d
+ nAC
Z =2
 =2
Z 
1
 AC(   x)ACf dxRAC() d
(3.7)
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The tissue-level Cauchy stress can then be expressed as  = ME + MC + AC.
3.5 Incorporation of Structural and Biological Information into the Model
3.5.1 Incorporation of ECM fiber distribution
Based on model in Equation 3.7, the fiber orientation distribution of the ECM con-
stituents, Ri(), were incorporated into the model in two ways: A) the distributions of fiber
orientation of each constituent are incorporated directly based on the analysis of multi-
photon images (Chow et al., 2014); and B) the measured distribution functions of each
constituent were fitted with a three-term von Mises distribution as:
Ri() =
3X
j=1
1
I0(ij)
exp
n
ij cos
h
2(   ij)
io
(3.8)
where ij and 
i
j represent the mean and variance of the vonMises distribution to be obtained
through parameter estimation. I0 is the modified Bessel function of order 0 and is defined
as:
I0(ij) =
1
2
Z 2
0
exp
h
ij cos()
i
d (3.9)
3.5.2 Determination of adventitial collagen recruitment function ACf
The collagen recruitment function was determined based on the straightness parameter
analysis of adventitial collagen fibers from our previous study by Chow et al. (2014). Ad-
ventitial collagen was shown to exist as large wavy bundles of fibers that exhibit delayed
fiber engagement. The values of the mean and standard deviation of the normal distribution,
mAC and dAC, were fixed as 1.25 and 0.05, respectively, which captures a peak recruitment
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at about 1.25 stretch and an overall collagen engagement between 1.15-1.35 stretch (Figure
3.1).
Figure 3.1: Straightness parameter of adventitial collagen fibers (from Chow et al.,
2014), and the recruitment distribution density function that captures the delayed
adventitial collagen engagement in response to mechanical loading.
3.5.3 Elastin and collagen content ni
Parameter ni is related to the content of ECM constituents. These parameters were not
fixed in the model, but were rather allowed to vary within a physiologically meaningful
range considering the elastin and collagen content in the arterial tissue. Based on the bio-
chemical assay measurements of the elastin and collagen content in porcine thoracic aorta
in our previous study (Chow et al., 2013a,b), the content of the ECM constituent is enforced
to satisfy the following relationship:
0:4614(nMC + nAC) < nME < 2:8315(nMC + nAC) (3.10)
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Note that the medial collagen and adventitial collagen content are indistinguishable from
biochemical assay measurements. Meanwhile, since nik is related to the initial modulus
(Zhang et al., 2005), based on our past experience with the mechanics of arteries and elastin
network (Zou and Zhang, 2009), ni is set to be greater than 1022 1/m3 so that the initial
modulus is constrained to be at least larger than 10 Pa. This is a rather loose constraint as
the tangent modulus of elastin network and arteries are normally in the order of kPa.
3.6 Parameter Estimation
If the fiber distribution function of each constituent are incorporated directly based on
the analysis of multi-photon images, then the model has six material parameters for method
A: ni and Ni (i = ME;MC; AC). The three-term von Mises distribution function has three
fiber families with the same fiber property (Ni), but dierent fiber density (ni 1, ni 2, ni 3) for
each fiber family, thus the model has twelve material parameters for method B: ni 1, ni 2,
ni 3, and Ni (i = ME;MC; AC).
A penalty approach was employed to reinforce physiological meaningful constraints
on the estimated parameters. In addition to constraints specified in Equation 3.10, it is
also assumed that NME > NMC > NAC > 1 to reinforce that the stiness of medial elastin
< medial collagen < adventitial collagen. This is in agreement with the fact that medial
collagen contains much type III collagen, whereas adventitial collagen is composed mostly
of type I collagen (Humphrey, 2002), and type III collagen has been shown to be more
compliant than type I collagen (Eriksen et al., 2002).
The material parameters were determined by minimizing the following objective func-
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tion:
 =
mX
j=1
h 
c11   e11
2
j +
 
c22   e22
2
j
i
(3.11)
where m is the number of data points, and c and e represent Cauchy stress from the
model and the biaxial tensile tests, respectively. Subscripts 1 and 2 correspond to the
longitudinal and circumferential directions of the aortic sample, respectively. The objective
function is minimized using the Nelder-Mead direct search method implemented in the
fminsearch subroutine in Matlab (version R2013b, The MathWorks, Inc.).
To assess the fitting and predicting capability of the model, we 1) fit the model to
experimental results from equi-biaxial tension fl : fc = 1 : 1, and predict the mechanical
behavior under nonequi-biaxial tension fl : fc = 3:2 and 2:3 and compare with experimental
measurements; 2) fit the model to experimental results from nonequi-biaxial tension fl : fc =
3:2 and 2:3, and predict the mechanical behavior under equi-biaxial tension fl : fc = 1:1 and
compare with experimental measurements; and 3) fit the model to all experimental results
from biaxial tension fl : fc = 3 : 2, 1 : 1, and 2 : 3. As a measure of the goodness of fit, the
root mean square error measure is defined as (Holzapfel et al., 2005):
e =
q

m q
re f
(3.12)
where q is the number of parameters in the model, and re f is determined from the sum of
Cauchy stresses for each stress-strain curve divided by the number of data points m.
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3.7 Statistical Analysis
Statistical analysis was performed to compare the fitting and predicting errors by JMP
Pro (version 11.1.1, SAS Institute Inc.) using ANOVA followed by Tukeys post hoc com-
parisons. Dierences are considered to be significant when p < 0:05.
3.8 Results
Figure 3.2: Fiber orientation distributions of medial elastin (ME), medial colla-
gen (MC), and adventitial collagen (AC) in porcine thoracic aorta when subjected
to an equi-biaxial stretch of 140% in both the longitudinal and circumferential di-
rections. Symbols represent measured distribution (Chow et al., 2014) and lines
represent the corresponding three-term von Mises distribution function fitting. The
R2 values represent correlation coecients between the measured and fitted fiber
distributions.
Figure 3.2 shows the averaged fiber orientation distribution function with three-term
von Mises fitting for medial elastin, medial collagen, and adventitial collagen. The mea-
surements were based on analysis of the multi-photon images from our previous study
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(Chow et al., 2014) when arterial tissue were subjected to an equi-biaxial stretch of 1.4.
The fiber orientation distribution function shows remarkably dierent structural charac-
teristics in ECM constituents. The elastic fibers are relatively more uniformly distributed
compared to collagen. The medial collagen shows a preferred circumferential distribution,
however the multi-fiber family distribution is evident in adventitial collagen. For all three
ECM constituents, the three-term von Mises fittings were able to capture the fiber distribu-
tions in the arterial wall.
The representative stress-stretch behavior from biaxial tensile testing and constitutive
modeling are shown in Figure 3.3. Overall the model is able to characterize the nonlin-
ear and anisotropic behavior of arteries, however it appears that the predictability of the
model is insucient when fitting was performed to a single set of equi-biaxial tension data
(Figure 3.3a). Fitting two sets of nonequi-biaxial tension data in Figure 3.3b improves
the predictability of the model. This observation is further proved by quantifying the fit-
ting and predicting errors in Figure 3.4. The fitting error from a single set of equi-biaxial
tension data is significantly smaller than the error resulted from fitting two sets of nonequi-
biaxial tension data and all three sets of biaxial tension data. However, fitting two sets of
nonequi-biaxial tension data significantly decreases the predicting error. The complete list
of estimated parameters, fitting and predicting errors are presented in Tables 3.1.
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(a)
(b)
(c)
Figure 3.3: Representative Cauchy stress vs. stretch in the circumferential (Circ)
and longitudinal (Long) directions of sample 1 in Table 1 when (a) fitting equi-
biaxial testing data fl : fc = 1 : 1 and predicting nonequi-biaxial testing data fl : fc =
2 : 3 and 3 : 2; (b) fitting nonequi-biaxial testing data fl : fc = 2 : 3 and 3 : 2 and
predicting equi-biaxial testing data fl : fc = 1 : 1; and (c) fitting all equi-biaxial and
nonequi-biaxial testing data. Symbols represent experimental measurements and
lines represent modeling results.
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Sample
number nME(1/m
3) NME nMC(1/m3) NMC nAC(1/m3) NAC Error f Errorp
Fitting equi-biaxial testing data fl : fc = 1 : 1
1 1.02  1025 2.0815 1.00  1025 2.0815 5.42  1024 1.2325 0.0279 0.2812
2 4.67  1025 4.9990 7.55  1024 1.5478 9.36  1025 1.1578 0.0295 0.2345
3 9.99  1024 1.3848 1.00  1022 1.3791 2.09  1025 1.0000 0.0362 0.2798
4 1.71  1025 2.1244 2.95  1024 2.1244 3.09  1024 2.1244 0.0446 0.1765
5 4.16  1024 4.9541 8.99  1024 1.6103 3.38  1022 1.6103 0.0582 0.3200
6 2.11  1025 2.0348 4.88  1024 1.5646 2.56  1024 1.5646 0.0385 0.2003
7 1.34  1025 2.6391 2.91  1025 2.1392 1.09  1022 1.0001 0.0325 0.3103
Mean 1.75  1025 2.8882 9.07  1024 1.7781 1.79  1025 1.3842 0.0382 0.2575
SD 1.40  1025 1.4724 9.50  1024 0.3236 3.41  1025 0.4085 0.0105 0.0549
Fitting nonequi-biaxial testing data fl : fc = 2 : 3 and 3 : 2
1 2.28  1025 2.9107 7.90  1024 2.0182 1.53  1023 1.9447 0.2264 0.0867
2 3.55  1025 4.5885 1.23  1025 1.6706 2.34  1023 1.6703 0.1268 0.0816
3 3.20  1025 1.8935 1.00  1023 1.0569 6.92  1025 1.0000 0.2072 0.1333
4 2.89  1025 3.2538 6.12  1024 2.2048 4.08  1024 1.4121 0.1374 0.1049
5 2.53  1025 5.0000 1.81  1025 2.2161 2.55  1024 1.0292 0.2300 0.2232
6 5.64  1025 4.9991 1.32  1025 2.0784 6.70  1024 2.0783 0.1509 0.1156
7 3.38  1025 5.0000 5.31  1025 5.0000 1.13  1022 1.0000 0.2707 0.0839
Mean 3.35  102 3.9494 1.58  1025 2.3207 1.18  1025 1.4478 0.1928 0.1184
SD 1.11  102 1.2588 1.74  1025 1.2499 2.54  1025 0.4604 0.0547 0.0499
Fitting all equi-biaxial and nonequi-biaxial testing data
1 2.02  1025 2.7283 7.14  1024 1.9356 1.00  1022 1.9356 0.1916 -
2 3.29  1025 3.4276 1.16  1025 1.6687 2.38  1022 1.6687 0.1105 -
3 2.47  1025 1.7276 4.60  1023 1.2563 5.32  1025 1.0000 0.1831 -
4 2.20  1025 2.4964 5.17  1024 2.2081 2.58  1024 2.2081 0.1194 -
5 1.64  1025 4.9521 1.41  1025 1.8906 1.82  1024 1.0000 0.2103 -
6 3.41  1025 2.6298 1.20  1025 1.9863 4.63  1022 1.9863 0.1331 -
7 3.22  1025 5.0000 5.52  1025 5.0000 1.25  1024 4.7395 0.2193 -
Mean 2.61  1025 3.2802 1.51  1025 2.2779 8.41  1024 2.0769 0.1668 -
SD 7.00  1024 1.2601 1.83  1025 1.2370 1.98  1025 1.2663 0.0449 -
Table 3.1: Model parameters and fitting and predicting errors (Errorf and Errorp)
from method A when the measured fiber orientation distribution function of medial
elastin, medial collagen, and adventitial collagen was directly incorporated into the
model.
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(a)
(b)
Figure 3.4: Quantification of (a) fitting and (b) predicting errors from the three
fitting strategies in Figure 3.3 (Equi-, Nonequi-, All-) with the incorporation of
directly measured orientation distribution functions (Mea) and the corresponding
three-term von Mises distribution function (Fun) (n = 7). (p < 0:05)
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Parameter n corresponds to the ECM protein content. The ratio of elastin to collagen
content obtained from the modeling, calculated by nME=(nMC +nAC), and from biochemical
assay (Chow, et al., 2013a; Chow, et al., 2013b) is shown in Figure 3.5. The fiber density
from the three-term von Mises distribution function (ni 1, ni 2, ni 3) was added together to
represent the fiber density of the constituent. The ratio of elastin to collagen content from
estimated parameters distributes evenly within the constraint obtained from biochemical
assays and this indicates that the constraint applied is reasonable.
Figure 3.5: The ratio of elastin to total collagen content obtained from biochemical
assays (n = 118) and constitutive modeling (n = 42 combining all results listed in
Tables 3.1 and results by using method B (not listed)).
The model allows us to study the contribution of individual ECM constituents to the
mechanical behavior of the arterial wall. Figure 3.6 shows the stress-stretch relationship of
medial elastin, medial collagen, and adventitial collagen when the arterial tissue is under
equi- and nonequi-biaxial tension. The results suggest that the stress-stretch contribution of
adventitial collagen is relatively low, which is related to the low stretch level achieved in the
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experiments. It is interesting that the medial collagen seems to contribute to the majority
of the anisotropic response of the arterial wall under equi-biaxial tension condition, while
all ECM constituents seem to contribute to the anisotropic behavior under nonequi-biaxial
tension condition.
(a)
(b)
(c)
Figure 3.6: Cauchy stress vs. stretch in medial elastin, medial collagen, and adven-
titial collagen of sample 1 in Table 3.1 in the longitudinal and circumferential direc-
tions when the tissue sample is subjected to (a) equi-biaxial tension fl : fc = 1:1, (b)
nonequi-biaxial tension fl : fc = 2 : 3, and (c) nonequi- biaxial tension fl : fc = 3 : 2.
The modeling results were obtained from fitting experimental results from equi-
biaxial tension.
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3.9 Discussion
Pathogenesis of many cardiovascular diseases has been associated with ECM changes
such as elastin/collagen ratio, fiber orientation distributions, and collagen fiber undulations
(Humphrey and Canham, 2000; Martinez-Lemus et al., 2009; Tsamis et al., 2013). There
is a need for studies on the microstructural properties of ECM constituents and their asso-
ciation with the mechanical behavior of biological tissues to provide a better understanding
of its structure-function relationship using constitutive models. In this study, a new consti-
tutive model was developed that considers medial elastin, medial collagen, and adventitial
collagen each play distinct structural and mechanical roles in arterial wall mechanics. The
material parameters in the constitutive model, the constituent-specific fiber distribution, se-
quential fiber engagement, and elastin and collagen content, resemble key structural and
biological information of the ECM, and are directly based on quantitative multi-photon
imaging and analysis and biochemical assay.
Advances in optical methods and image processing techniques have made possible to
explorenquantify the architecture of structural components of soft tissues at dierent scales
(see review by Holzapfel, 2008). Using multi-photon microscope, second harmonic gener-
ation and two-photon fluorescence signals have been simultaneously captured from arterial
collagen and elastin in recent studies including ours (Hill et al., 2012; Wan et al., 2012;
Fata et al., 2013; Zeinali-Davarani et al., 2013; Chow et al., 2014). Incorporation of exper-
imentally measured collagen fiber distribution into the constitutive model has been studied
previously (Sacks, 2003; Hill et al., 2012; Wan et al., 2012), and showed to improve the
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predictive capability of the model without significant loss in the goodness of fit. The fiber
distribution function and adventitial collagen engagement function, obtained based on our
previous study on elucidating the structural and functional interrelations between elastin
and collagen in vascular function through coupled multi-photon imaging and biaxial me-
chanical loading, provide direct structural inputs to the model (Figure 3.2). Considering
the structural characteristics and contributions of elastin, medial collagen, and adventitial
collagen, the directly measured fiber orientation distributions were incorporated into the
structurally motivated constitutive models and, hence, reduce the number of estimated pa-
rameters to only intrinsic fiber properties (associated with N) and fiber content (associated
with n). The model predicts the biaxial mechanical behavior of arteries reasonably well,
while requiring less mechanical datasets for reliable estimation.
Our previous multi-photon image analysis of biaxially stretched aortic tissues has shown
that the medial collagen is being recruited throughout the stretching process while the ad-
ventitial collagen shows a delay in the fiber recruitment and starts to be recruited after
1.15-1.2 of equi-biaxial stretch (Chow et al., 2014). Considering the sequential engage-
ment of ECM constituents, in the present study, the medial collagen and elastin engages in
load bearing from the onset of loading whereas the adventitial collagen is being recruited at
a later stage of stretching. The shape of adventitial collagen recruitment distribution den-
sity function is determined based on the waviness measurements from our previous study
(Chow et al., 2014). This procedure allows us to reinforce a physiological meaningful
recruitment function (Figure 3.1), and in the meantime, reduce the number of optimiza-
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tion parameters. In fact, the likelihood of ill-conditioning is reduced with less unknown
parameters.
With this constitutive model, we can study the mechanical contributions from the major
load-bearing ECM constituents in the arterial wall (Figure 3.6). Understanding the mechan-
ical contributions of ECM constituents in the arterial wall may shed light on the underlying
mechanisms of vascular remodeling and disease progressions. The small load bearing of
adventitial collagen at lower stretches is consistent with its role in preventing the artery
from overstretch and rupture (Holzapfel et al., 2000; Humphrey, 2002). The arterial tissue
is generally considered as anisotropic. Most previous models use an isotropic neo-Hookean
model to represent elastin while the anisotropic of the tissue would originate from collagen
(Zulliger et al., 2004; Gasser et al., 2006). However, purified aortic elastin network was
revealed to possess an inherent anisotropy, with the circumference direction being stier
than the longitude, from both uniaxial (Lillie et al., 2010) and biaxial tests (Zou and Zhang,
2009, 2011). Several recent models made eort to account for the anisotropic material
properties of elastin (Rezakhaniha and Stergiopulos, 2008; Kao et al., 2011; Rezakhaniha
et al., 2011). The present study suggests that contributions from the ECM constituents to
the mechanical behavior of the arterial wall are highly dependent on the mechanical load-
ing conditions. It is important to understand the interactions between elastin and collagen
in arterial wall, which are currently unclear. The coexistence of multiple ECM constituents
and their interrelations may be important in maintaining the fiber distributions in the arterial
wall and contributing to the anisotropic tissue behavior.
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Either one set of equi-biaxial tensile testing data or two sets of nonequi-biaxial testing
data were fitted to obtain material parameters in the model, which were then used to test
the model predictive capability. The significantly improved predicting error from nonequi-
biaxial fitting suggests that only a single equi-biaxial fitting is insucient for an accurate
prediction of mechanical response (Figures 3.3 and 3.4). A possible reason is perhaps
that equi-biaxial protocol does not cover a large stretch ranges as in nonequi-biaxial test-
ing, which leads to insucient information for stress predictions (Polzer et al., 2015). It
is important to note that materials parameters that produce the best fit to the stress-stretch
curves are not unique, it is thus important to have constraints to enforce optimization within
a physiological meaningful range, especially when the model has a large number of opti-
mization variables. It happens that sometimes the values determined by the model are not
freely estimated by fitting, but are rather determined by constraints, i.e. the constraints are
active, as shown in Figure 3.5 when data points coincide with the limit.
The current study suggests that incorporation of structural fiber distribution informa-
tion seems to be sucient to capture and predict the mechanical response of an artery, as
previously suggested by Wan et al. (2012). It also seems that the use of three-term von
Mises distribution function does not provide much improvement to the fitting and predict-
ing errors (Figure 3.4). However, it is important to realize that in method A, the anisotropic
behavior of each constituent originated solely from the fiber orientation distribution func-
tion. This has been presented as a challenge in modeling the anisotropic behavior of puri-
fied elastin (results not shown). On the other hand, the three-term von Mises distribution
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function, in method B, allows for dierent fiber density (ni 1, ni 2, ni 3) for each fiber fam-
ily, which results in additional source and flexibility in capturing the anisotropic tissue
behavior. Although not the focus of this study, this would be an interesting perspective in
microstructural study and constitutive modeling of the anisotropic tissue behavior.
3.10 Limitations
The fiber orientation distribution used in this study was averaged data. Sample specific
imaging and mechanical testing may improve the fitting and predicting capability of the
model. The constitutive model developed in this study employs the assumption of ane
deformation. It was suggested from previous studies that both medial and adventitial colla-
gen fibers realign in the major direction of loading during the nonequi-biaxial deformation
while medial elastin does not have a significant change in fiber orientation (Chow et al.,
2014). Future studies need to take fiber rotation into consideration. The mechanical and
structural interrelation between elastin and collagen was considered phenomenologically
through the fiber engagement function. Future experiments are needed for a better under-
standing on the interrelations of ECM constituents. The contributions of other constituents,
such as smooth muscle cell and ground substance, are assumed to be negligible in the cur-
rent model of large elastic arteries. It is unlikely that the cells are viable and contractile
during mechanical testing. Our previous study also showed that the decellularized ECM
exhibited similar elastic behavior as the intact aorta (Zou and Zhang, 2012a).
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3.11 Conclusions
In this study, we developed a new multi-scale constitutive model of ECM mechanics
from a fundamental mechanics perspective coupled with critical biophysical input. Con-
tributions from medial elastin, medial collagen, and adventitial collagen were considered
in the model to reflect the distinct mechanical and structural role of individual ECM com-
ponent. The model uniquely integrates the ECM microstructural information, such as the
constituent-specific fiber distribution, engagement, elastin and collagen content, and fiber
properties, for tissue-level biomechanical function. Moreover, the integrated model shows
promises in fitting and predicting with a small set of material parameters, which have phys-
ical meanings and can be related to the structure and properties of the ECM constituents.
Future studies are needed to understand the intrinsic structural and mechanical interrela-
tions among ECM constituents, which determine the mechanics of arteries and may carry
important implications to vascular homeostasis and mechanobiology.
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CHAPTER 4
CHANGES IN THE MECHANICAL PROPERTIES OF ARTERIAL ELASTIN
WITHWATER LOSS
4.1 Overview
Elastin is a peculiar elastomer in that it requires water to maintain resilience, and its me-
chanical properties are closely associated with the immediate aqueous environment. The
bulk, extra- and intrafibrillar water play important roles in both elastic and viscoelastic
properties of elastin. In this study, a two-stage hydration chamber was developed to inves-
tigate the eects of water loss on the mechanical properties of porcine aortic elastin. Tissue
in PBS solution was the fully hydrated condition with water content of about 370%. The
hydration level was reduced by enclosing the tissue in a dialysis tubing and then submerg-
ing it in Polyethylene Glycol (PEG) solution at concentrations of 10%, 20%, 30%, and 45%
w/v, which corresponds to a gravimetric water content of 25834%, 22420%, 1099%,
and 58  3%, respectively. The hydration level adjusted tissue was then transferred into a
humidity chamber for equibiaxial tensile and stress relaxation tests while maintaining the
hydration level. The concentration of 10% PEG treatment induced insignificant changes in
tissue dimensions and stiness, indicating that the removal of bulk water has less eect on
elastin. Significant increases in tangent modulus were observed after 20% and 30% PEG
treatment as a result of partially removal of the extrafibrillar water. Elastin samples treated
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with 45% PEG show a very rigid behavior as most of the extrafibirllar water is eliminated.
Our study suggests that the extrafibrillar water is crucial for elastin to maintain its elastic
behavior. It was also observed that the anisotropy observed in fully hydrated elastin tends
to decrease with water loss. An increase in stress relaxation was observed for elastin treated
with 30% PEG, indicating a more viscous behavior of elastin when the amount of extrafib-
rillar water decreases significantly. This study sheds light on the close association between
the bulk, extra- and intrafibrillar water pools and the mechanics of elastin.
4.2 Introduction
Elastin is essential to provide elasticity to organs and tissues such as lung and arterial
wall. Under physiological conditions, elastin is a peculiar elastomer in that it requires wa-
ter to maintain resilience. In hydrated elastin, three types of water was detected through
NMR (Ellis and Packer, 1976). The intrafibrillar water that interacts with elastin molecules
directly (Ellis and Packer, 1976) has been reported to have the eect of plasticizing elastin
molecules (Lillie et al., 1996). The water between and around elastin fibers, the extrafib-
rillar water, accounts for about 60% of water content in porcine aortic elastin (Ellis and
Packer, 1976; Wasano and Yamamoto, 1983; Lillie et al., 1996). The so-called hydration
water is composed of both intra- and extrafibrillar water (Gosline and French, 1979). The
third type of water is the bulk water referred to the free interstitial water (Lillie et al., 1996).
These three water pools are suggested to play important roles in both elastic and viscoelas-
tic properties of elastin (Weinberg et al., 1995; Lillie et al., 1996; Debelle and Alix, 1999).
Hydrated elastin is elastic whereas water loss can result in brittle and rigid elastin
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(Gosline, 1978a,b; Andrady and Mark, 1980; Winlove and Parker, 1990). Aging and dis-
eases are often accompanied by water loss in soft biological tissue (Rodbard et al., 1967;
Trillo and Haust, 1975; Lillie and Gosline, 1990). The binding of elastin to lipids, such as
cholesterol esters, occurs in atherosclerosis and probably impedes the interactions between
water molecules and elastin (Lillie and Gosline, 1990). High density of glycosaminogly-
cans also results in water loss in elastin through the blockade of water molecules (Lillie
and Gosline, 1990). The stiening of arterial wall is believed to be partially accounted for
by water loss in elastin (Gosline and French, 1979; Li et al., 2001). Both experimental and
simulation results have shown the contribution of hydration water to the elastic behavior of
elastin (Gosline and French, 1979; Li et al., 2001). Removal of about 10% hydration water
results in an increase in the stiness of elastin (Gosline and French, 1979). Viscoelastic
behavior of arterial elastin is also crucial to cardiovascular system due to the storage and
release of energy during systole and diastole for maintaining steady flood flow. The rate of
redistribution of intrafibrillar water was suggested to be responsible for elastin viscoelas-
ticity (Winlove and Parker, 1990; Weinberg et al., 1995). The fatigue life of elastin is short-
ened with water loss, which is associated with the fragmentation of elastin in poststenotic
dilatation (Rodbard et al., 1967; Trillo and Haust, 1975).
In most previous studies on the mechanical behavior of elastin, mechanical testing was
performed when the tissue was submerged in water bath to keep a completely hydrated
state (Lillie and Gosline, 2002b, 2007; Gundiah et al., 2007; Zou and Zhang, 2009, 2011).
In order to study the hydration-dependent tissue mechanics, liquid phase method (LPM)
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and vapor phase method (VPM) were generally used (Lillie et al., 1996; Basser et al.,
1998; MacDougall et al., 2001; Zsivanovits et al., 2004). LPM is based on the concept that
water leaves out of the tissue across a semipermeable barrier which is placed between the
tissue and a higher solute concentration solution until the equilibrium of osmotic pressure is
reached (Lillie et al., 1996; Shahmirzadi and Hsieh, 2010). It quickly brings the tissue to the
desired water content without causing degradation. However, LPM presents challenges for
mechanical testing such as the osmotic pressures induced by the immersion of the tissue
in a fixed concentration solution when an external load needs to be applied to the tissue
sample. As the other approach to control the hydration, VPM is based on water exchange
between the tissue and surrounding air (Lillie et al., 1996; Shahmirzadi and Hsieh, 2010).
On the contrary to LPM, VPM has the advantage of imposing no additional forces on the
tissue in mechanical testing but it requires longer duration for hydration equilibrium, which
exposes biological tissues to the risk of degradation. A liquid-vapor method (LVM), the
combination of LPM and VPM, was developed to adjust tissue water content and maintain
the hydration level during mechanical testing (Shahmirzadi and Hsieh, 2010), and was
successfully used to characterize the eects of water loss on the viscoelastic behaviors of
bovine aortic tissue (Shahmirzadi et al., 2013). In the present study, a liquid-vapor method
was developed to examine the eects of water loss on the biaxial mechanical behaviors of
elastin. Porcine aortic elastin samples enclosed in dialysis tubing were immersed in 10%,
20%, 30%, and 45% PEG solution sequentially to reach dierent hydration levels. Biaxial
tensile and stress relaxation testing was then conducted while elastin was kept in a humidity
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chamber to maintain the hydration level during mechanical testing.
4.3 Materials and Methods
4.3.1 Sample preparation
Fresh porcine thoracic aortas (12-24 months of age; 160-200 lbs in weight) were har-
vested from a local abattoir and cleaned of both adherent tissue and fat. Square samples of
about 20 20 mm were cut at the similar location along the longitudinal direction of aortas
to limit the changes in mechanical properties with longitudinal position (Zou and Zhang,
2009). Cyanogen bromide (CNBr) treatment was used to obtain purified elastin with the
removal of cells, collagen and other ECM components (Zou and Zhang, 2009; Wang et al.,
2015). Briefly, aortic samples were treated with 50 mg/ml CNBr (Acros Organics) in 70%
formic acid (Acros Organics) solution for 19 h at room temperature with gentle stirring.
They were then gently stirred for 1 h at 60 C and followed by 5 min of boiling to inac-
tivate CNBr. Elastin samples were kept in 1x phosphate buered saline (PBS) solution
before further mechanical testing.
4.3.2 Hydration level modulation
In order to adjust and maintain tissue hydration during testing, a sequential two-stage
approach of the LPM and VPM, liquid-vapor method (LVM), was designed to take ad-
vantage of the shorter equilibrium time with LPM and the ability to maintain the desired
hydration during mechanical testing with VPM (Shahmirzadi and Hsieh, 2010). Briefly,
as the first stage, elastin samples were enclosed in a dialysis tubing with molecular weight
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cuto of 12 kD and submerged in a 20 kD Polyethylene Glycol (PEG) solution at con-
centrations of 10%, 20%, 30%, and 45% w/v. The dierence in concentration across the
semi-permeable barrier of the dialysis tubing causes water to leave the samples until equi-
librium is reached. The concentration of PEG solution determines the amount of water loss
and therefore the PEG concentration can be varied to reach desired hydration levels. Gen-
erally higher solute concentration leads to higher osmotic pressure which results in lower
sample water content. In the current study, the elastin samples were kept in the solution for
at least 3 h to reach equilibrium.
At the second stage, the VPM was used to satisfy the requirement of maintaining the
desired hydration level of the samples without obstructing mechanical and optical experi-
ments. To do so, the PEG treated samples were transferred to a humidity-controlled cham-
ber compatible with the current biaxial tensile tester. An appropriate chamber humidity
was chosen for each PEG concentration so that water evaporated from the tissues at the
same rate at which it condensed and then the samples could maintain the hydration lev-
els achieved in LPM. The humidity in the chamber is represented by Relative Humidity
(RH%) which is the ratio of the partial pressure of the water vapor in the air to the partial
pressure of saturated water vapor at the given temperature. An iterative process was used to
determine the relationship between the relative humidity and PEG concentration (PEG%)
in VPM (Shahmirzadi and Hsieh, 2010). Briefly, the tissue treated with each PEG con-
centration was weighed and transferred to the humidity chamber with a certain humidity
level. After 30 min, the tissue was weighed again to quantify the change in tissue mass.
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The relative humidity in the chamber was adjusted according to the mass change and the
iterative process continued until the change was less than 10%. The current designed hu-
midity chamber could achieve a humidity range of about 11–95 RH%with the temperature
varying from about 23 to 32 C. During mechanical testing, the temperature varied within
the range of 25–27 C.
To quantify the tissue water content, the sample was weighed using a balance before
and after PEG treatment (LPM stage) as well as after mechanical testing and being moved
out of the humidity chamber (VPM stage). The tissue was dried at room temperature for 3
days before the dry mass was measured. To validate that the time for drying is sucient,
the mass of the tissue was measured after being left to dry for 3, 4, and 5 days. The almost
steady mass verifies that 3 days is long enough to dry the tissue. The hydration of the tissue
was expressed with gravimetric water content, WC%. This is defined as the ratio of the
mass of the water in the sample to the mass of the completely dried sample:
WC% =
mw
md
 100 = mh   md
md
 100 (4.1)
where mw is the mass of the water in the hydrated sample, md and mh are the completely
dried mass and hydrated mass of the sample, respectively. Before and after PEG treatment,
the side lengths and thickness of each sample were also measured using a digital caliper to
characterize the eects of hydration levels on tissue dimensions.
46
4.3.3 Mechanical testing
Biaxial tensile tests were performed on elastin before and after PEG treatment, refer to
Chapter 2 for details. Particular experimental settings for this study include a small preload
of 5  0:05 N/m, 8 cycles of equi-biaxial tension of 40 N/m during preconditioning, and 8
cycles of equi-biaxial tension ranging from 80 to 110 N/m applied in order to ensure the
maximum stress above 80 kPa. A total of 10 samples were tested at four PEG concentration
groups (10%, 20%, 30%, and 45%, with n = 5 at all concentrations except n = 4 at 45%;
among them 3 samples were tested at all concentrations).
Biaxial stress relaxation tests were performed on elastin before and after 20% and 30%
PEG treatment (n = 3) following the procedures described in Chapter 2. Particular exper-
imental settings for this study include a preload of 5  0:05 N/m, 8 cycles of equibiaxial
tension of 40 N/m during preconditioning, and tension ranging from 80 to 110 N/m was
applied in stress relaxation tests to study the viscoelastic properties of elastin samples.
As control experiments, samples were tested while submerged in 1x PBS, which corre-
sponds to the fully hydrated condition. Then samples enclosed in dialysis tubing were im-
mersed in PEG solutions for 3 h to reach equilibrium as LPM stage (Fig. 4.1). Afterwards,
the treated samples were transferred to the humidity chamber designed to be compatible
with our biaxial tensile testing device (Fig. 4.2). At VPM step, the mechanical testing
was performed while the humidity in the humidity chamber was adjusted to maintain the
hydration level of the tissue.
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Figure 4.1: Picture of an elastin sample enclosed in dialysis tubing and submerged
in PEG solution. Sandpaper tabs were glued at the sides of sample with sutures
looping around for mechanical testing. Four carbon dot markers were placed at the
center of sample and the position of the markers was traced by a camera during
mechanical testing.
Figure 4.2: A custom built VPM hydration chamber integrated with a biaxial ten-
sile testing device. The tissue remains in the humidity chamber during mechanical
testing.
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4.3.4 Statistical analysis
The averaged results are expressed in the form of mean  standard error of the mean
(SEM). One-way analysis of variance (ANOVA) followed by Dunnetts post hoc compar-
isons was performed as statistical analysis by JMP Pro (version 10.0.2, SAS Institute Inc.).
Dierences are considered to be significant when p < 0:05.
4.4 Results
The relationships between PEG concentration and water content, relative humidity and
solute concentration are shown in Figure 4.3. Figure 4.3a shows that higher PEG concen-
tration leads to lower water content at the LPM stage, and the relationship between PEG
(PEG%) concentration and water content (WC%) can be described by a sigmoid function in
Equation 4.2. At the VPM stage, Figure 4.3b provides the relationship between the relative
humidity (RH%) in the humidity chamber and the concentration of PEG (PEG%) solution
requires, and such relationship is described by Equation 4.3. The averaged results were
used to obtain the above relationships (n = 10 for 0% PEG as control; n = 5 for 10%, 20%,
and 30% PEG; and n = 4 for 45% PEG).
PEG% =  31 + 164
1 + exp(WC% + 229)
0:0028 (4.2)
RH% = 69 +
42
1 + exp(PEG% + 22)
0:0139 (4.3)
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(a) (b)
Figure 4.3: Average results with fitting curves of (a) PEG concentration versus
water content and (b) relative humidity versus PEG concentration. The R2 values
represent correlation coecients between the experimental measurements and fit-
ted results. (n = 10 for 0% PEG as control; n = 5 for 10%, 20%, and 30% PEG;
and n = 4 for 45% PEG)
To verify the eectiveness of the liquid-vapor method, the water content of elastin be-
fore and after PEG treatment, and after VPM is presented in Figure 4.4. Water content
decreases in elastin treated with PEG solution, and the changes are significant with the
30% and 45% PEG solution. Keeping the samples in VPM humidity chamber during me-
chanical testing does not induce significant changes in water content. This validates that
the humidity chamber functions properly and the hydration level of elastin is maintained
during mechanical testing.
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(a) (b)
(c) (d)
Figure 4.4: Water contents of control samples and the corresponding ones after
LPM and VPM stage. The LPM samples were treated with the (a) 10%, (b) 20%,
(c) 30% (n = 5), and (d) 45% (n = 4) PEG solution. (p < 0:05)
Figure 4.5 shows the swelling ratio, defined as the ratio of the volume of tissue after
water loss to the samples volume when hydrated, at various water contents. The treatment
of 10% PEG results in the loss of tissue water content from 37036% (control) to 25834%
while there is only a minor decrease of swelling ratio to 0:98  0:01. The initial loss of
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water seems to induce no obvious change in the dimension. 20% PEG treatment leads to
more water loss with the tissue water content of 224 20% accompanied with a significant
decreases in swelling ratio to 0:85  0:01. There is a significant decrease in both the water
content and swelling ratio for elastin exposed to 30% and 45% PEG solution. The water
content decreases to 1099% and 583% after 30% and 45% PEG treatment, respectively,
while the corresponding swelling ratio decreases to 0:51  0:03 and 0:43  0:05.
Figure 4.5: Swelling ratio versus water content of control (n = 10) and PEG
treated elastin (n = 5 for 10%, 20%, and 30% PEG; n = 4 for 45% PEG). Bolded
and closed symbols represent the average data. (p < 0:05)
Water loss leads to gradually decreased side lengths and thickness with lower water
content (Fig. 4.6). The normalized dimension changes were obtained by dividing the
dimensions of PEG treated elastin by dimensions before treatment. The averaged water
contents of 258%, 224%, 109%, and 58% correspond to PEG concentrations of 10%, 20%,
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30%, and 45% as described in Figure 4.5. There is a significant decrease of tissue dimen-
sions associated with 109% and 58% water content, except for the circumferential side
length. It also appears that the thickness is more sensitive to water loss and decreases to
almost half of the original value.
Figure 4.6: Normalized dimension changes of PEG treated elastin. The averaged
water contents of 258%, 224%, 109%, and 58% correspond to PEG concentrations
of 10%, 20%, 30% (n = 5), and 45% (n = 4). The dimensions of elastin treated with
PEG were normalized to the values of the corresponding control group. (p < 0:05)
The averaged Cauchy stress versus stretch curves in both the longitudinal and circum-
ferential directions are shown in Figure 4.7. Generally, the elastin stiens in both directions
with loss of water, and the stiening is more obvious with 109% and 58% water content
while the later one induces very sti behavior. Normalized tangent modulus was obtained
to better compare the changes in the elastic behavior of elastin with dierent water contents
(Fig. 4.8). The tangent modulus of elastin with 258% water remains similar to the control
elastin in both circumferential and longitudinal directions (p = 0:2868 and p = 0:2299,
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respectively), but water contents of 224% and 109% have a significant increase in modulus
in both directions, except the tangent modulus of 224% water in the circumferential direc-
tion (p = 0:0846). The tangent modulus of elastin with 58% water content does not show
in Figure 4.8 since it tends to be infinity due to the extremely sti behavior.
(a) (b)
Figure 4.7: Averaged Cauchy stress versus stretch curves in the (a) longitudinal,
and (b) circumferential directions. The averaged water contents of 370%, 258%,
224%, 109%, and 58% correspond to control (n = 10), 10%, 20%, 30% (n = 5),
and 45% (n = 4) PEG treatment. One-sided error bars of a standard error of the
mean (SEM) are shown in both directions. (p < 0:05)
The change in anisotropic behavior is observed fromCauchy stress versus stretch curves.
The degree of anisotropy is quantified by the ratio of the longitudinal to circumferential
stretch at similar stress of 79:95  0:25 kPa (Fig. 4.9). The anisotropic behavior of elastin
is not aected when the averaged water content decreases from 370% (control) to 258%.
However, a decrease in the ratio was observed for elastin with 224%, 109%, and 58%water.
The lowest water content, 58%, induces almost isotropic behavior for most the samples.
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(a) (b)
Figure 4.8: Normalized tangent modulus of elastin (n = 5) treated with 10%, 20%,
and 30% PEG solution. The averaged water contents of 258%, 224%, and 109%
correspond to PEG concentrations of 10%, 20%, and 30%. The tangent modulus
of treated elastin was normalized to the corresponding control value. (p < 0:05)
Figure 4.9: Ratio of the longitudinal to circumferential stretch versus water content
of control (n = 10) and PEG treated elastin (n = 5 for 10%, 20%, and 30% PEG;
n = 4 for 45% PEG). All stretch values are paired with Cauchy stress of 79:950:25
kPa. Bolded and closed symbols represent the average data.
The representative normalized stress relaxation curves are shown in Figure 4.10. For
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this sample, the water contents of 241%, 188%, and 95% correspond to the PEG concen-
trations of 0% (control), 20%, and 30%. All stress relaxation tests were performed at the
initial stresses of 94:22  3:22 kPa to minimize the eect of initial stress levels on the
rate of stress relaxation (Zou and Zhang, 2011). There is no obvious change in stress re-
laxation until the water content decreases to 95% induced by 30% PEG treatment. This
phenomenon is consistent in all the samples (n = 3). The ratio of the last stress data during
the relaxation period to the initial stress was calculated. The 20% PEG treated tissue has
a similar ratio to the control group as 0:9192  0:0035 and 0:9157  0:0037 (p = 0:5189),
whereas the ratio decreases significantly to 0:8491 0:0051 for the tissue treated with 30%
PEG.
Figure 4.10: Representative stress relaxation curves of elastin before and after
PEG treatment. Water contents of 241%, 188%, 95% correspond to control, 20%,
and 30% PEG treatment.
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4.5 Discussion
Mechanical behaviors of biological materials are closely associated with the hydration
level of the tissues (Talman and Boughner, 2001; Taylor et al., 2004; Gainaru et al., 2009).
Elastin is one of the major ECM constituents that provides elasticity to the aortic wall.
Water acts as a plasticizer and plays an important role in maintaining its elasticity (Gosline
and French, 1979; Lillie et al., 1996). Arterial elastin has three pools of water as bulk,
extrafibrillar, and intrafibrillar water (Lillie et al., 1996) . Lillie et al. (1996) suggested
that there is an approximately 250-300% intrafibrillar-plus-extrafibrillar water content in
porcine aortic elastin. Their results also showed that removing the bulk water does not
result in changes in tissue dimensions. In our study, LPM with 10% PEG solution results
in 258  34% water and no obvious change in tissue dimensions. This suggests that LPM
with 10% PEG solution successfully removed the bulk water in elastin. LPM with 45%
PEG results in 58  3% water content in the tissue. According to Lillie et al. (1996),
the intrafibrillar water content is about 60%. This suggests that most of the extrafibrillar
water has been extracted out with 45% PEG, and the intrafibrillar water is the only water
pool left in the tissue. Considering the water contents of elastin and the corresponding
change in the dimensions, our results suggest that the dimensions of purified elastin are
mainly aected when the extrafibrillar water is removed, which are the cases for elastin
with approximately 224%, 109%, and 58% water content when 20%, 30% and 45% PEG
was used in LPM, respectively. However the removal of bulk water has no obvious eect on
tissue dimensions. It appears that the thickness decreases more than the side lengths with
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water loss. It is likely that purified elastin is more easily get packed in the radial direction
when tissue water content decreases due to the removal of cells, collagen, proteoglycan,
etc., from the concentric lamellar units.
The elastic behavior of elastin is closely associated with the plasticizing eect of water
(Gosline, 1978a,b; Andrady and Mark, 1980; Winlove and Parker, 1990). In the current
study, stiening is observed with loss of water. The results from elastin with various hy-
dration levels provide information to understand the role of bulk, extra-, and intrafibrillar
water in contributing to the elastic behavior of elastin. The insignificant change in tangent
modulus of elastin with 258  34% water content suggests that the bulk water plays a less
important role in contributing elasticity to elastin. The tissue treated with PEG solution of
higher concentrations gradually stiens in both the circumferential and longitudinal direc-
tions with the removal of the extrafibrillar water. Debelle and Alix (1999) suggested that the
bulk solvent water plays a key role in keeping elastin to be elastic. They suggested that the
existence of hydrogen bonds between bulk solvent water and hydration water molecules,
refer to extra- and intrafibrillar water molecules, motivates a higher chain mobility. It is
worth noting, however, that their definition of the bulk solvent water includes both the bulk
(or free) and part of the extrafibrillar water defined in some previous studies (Lillie et al.,
1996; Boutis et al., 2007; Silverstein et al., 2015) as well as the current study. The hydra-
tion water they mentioned includes some extrafibrillar and all intrafibrillar water, and the
latter one is tightly bound to the polypeptide chains. In this case, their theory can still be
applied to explain our observations. It is possible that the hydrogen bonds between extra-
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and intrafibrillar water loose the hydrogen bonds between intrafibrillar water and elastin
molecules so that the tissue with more extrafibrillar water has a more elastic behavior. An-
other possible mechanism of the plasticizing eect of water at nanometric scale is attributed
to the replacement of protein/protein hydrogen bonds by protein/water hydrogen bonds that
increase the chain mobility (Samouillan et al., 2004). Aortic elastin has been reported to be
as anisotropic (Rezakhaniha and Stergiopulos, 2008; Zou and Zhang, 2009; Agrawal et al.,
2013; Wang et al., 2015). Our study shows that the anisotropy decreases with the loss of
water (Fig. 4.9). Fiber orientations is widely considered to be the structural origin of the
tissue anisotropy (Holzapfel and Weizsa¨cker, 1998; Holzapfel et al., 2000). There may ex-
ist realignment of elastic fibers, as the elastic lamellae layers are more packed in the radial
direction due to water removal. However the mechanism of this change is still unclear and
some microscopic studies are required to fully understand it.
An increase in stress relaxation is observed in the 30% PEG treated elastin with 95%
water content (Figure 4.10), which indicates that the viscoelastic property of elastin is also
associated with the hydration level. However elastin with 224% water shows no dierence
in relaxation compared with fully hydration condition with 370% water. It is possible that
the loose hydrogen bonding between intrafibrillar water and elastin molecules is aected
when the amount of extrafibirllar water is significantly reduced. This may has an eect on
the rate of intrafibrillar water redistribution, which was suggested to be closely related to the
rate of stress relaxation (Winlove and Parker, 1990; Weinberg et al., 1995). Previous study
showed a drastic decrease of glass transition temperature associated with higher hydration
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levels, indicating the close connection of viscoelastic property of elastin to the intrafibrillar
water content (Samouillan et al., 2004). Overall, our results further suggest that among the
three water pools in elastin, the intrafibrillar water plays a crucial role in its viscoelastic
property, meanwhile the amount of extrafibrillar water is also related to the viscoelastic
property through its hydrogen bonding with the intrafibrillar water.
4.6 Conclusions
A two-stage liquid-vapor method is developed to study the eect of water loss on the
mechanical properties of elastin. Our study shows that the mechanical behaviors of elastin
are closely associated with hydration condition. As the hydration level decreases, the bulk
water is removed first without aecting the dimensions and mechanical properties of elastin
significantly. Afterwards, the removal of the extrafibrillar water is accompanied with the
shrinkage and stiening of the tissue. Removal of the extrafibrillar water also results in an
increase of relaxation. The more obvious decrease in thickness than side lengths suggests
that water loss leads to a much denser structure in the radial direction, but induce relatively
less eect on in-plane lamellar structure. A more isotropic behavior after partial water
removal is possible to be correlated with elastic fiber realignment.
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CHAPTER 5
BIOMECHANICAL FUNCTION OF ARTERIAL ELASTIN IN GLUCOSE
5.1 Overview
Elastin is essential to provide elastic support for blood vessels. As a remarkably long-
lived protein, elastin can suer from cumulative eects of exposure to biochemical dam-
ages, which can greatly compromise its biomechanical properties. Non-enzymatic glyca-
tion is one of the main mechanisms of aging and its eect is magnified in diabetic patients.
The purpose of this study is to investigate the eects of glucose on mechanical properties
of isolated porcine aortic elastin. Elastin samples were incubated in 2 M glucose solu-
tion and were allowed to equilibrate for 4, 7, 14, 21 or 28 days at 37 C. Equi-biaxial
tensile tests were performed to study the changes of elastic properties of elastin due to
glycation. Significant decreases in tissue dimension were observed after 7 days glucose in-
cubation. Elastin samples treated for 14, 21 or 28 days demonstrate a significant increase in
hysteresis in the stress-stretch curves, indicating a greater energy loss due to glucose treat-
ment. Both the longitudinal and the circumferential directions show significant increases
in tangent modulus with glucose treatment, however only significant increases were ob-
served after 7 days for the circumferential direction. An eight-chain statistical mechanics
based microstructural model was used to study the hyperelastic and orthotropic behavior
of the glucose-treated elastin and the material parameters were estimated using a nonlin-
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ear least squares method. Material parameters in the model were related to elastin density
and fiber orientation, and, hence, the possible microstructural changes in glucose-treated
elastin. Estimated material parameters show a general increasing trend in elastin density
per unit volume with glucose incubation. The simulation results also indicate that more
elastic fibers are aligned in the longitudinal and circumferential directions, rather than in
the radial direction.
5.2 Introduction
Elastic fibers, one of the major structural components of the extracellular matrix (ECM),
are essential to provide elasticity to the aortic wall and to accommodate intermittent defor-
mations encountered during cardiac cycles. These resilient networks are made primarily of
a protein called elastin. Elastic fibers consist of an inner crosslinked elastin core surrounded
by a mantle of fibrillin-rich microfibrils (Mecham, 2008). In elastic arteries, such as the
aorta, elastic fibers form thick concentric fenestrated layers of elastic laminae, with inter-
laminar connecting fibers distributed radially through the vessel wall (O’Connell et al.,
2008). Each elastic lamina alternates with a layer of smooth muscle cells (SMCs), and to-
gether, organize into a laminar unit which is considered as the functional unit of the vessel
wall (Wolinsky and Glagov, 1967; Davis, 1993; Brooke et al., 2003).
Pathogenesis of vascular diseases, including hypertension, atherosclerosis, stenosis and
aneurysms has been associated with elastin disorders in structure and function and its al-
tered interaction with other arterial constituents (Campa et al., 1987; Menashi et al., 1987;
Krettek et al., 2003; Kobs et al., 2005; Arribas et al., 2006). From a biomechanical view-
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point, abnormalities in elastin can alter mechanical homeostasis and promote SMC prolif-
eration, migration and synthesis of ECM and eventually contribute to the development of
disease (Yamamoto et al., 1993; Ito et al., 1997, 1998; Li et al., 1998; Karnik et al., 2003;
Ailawadi et al., 2009). Therefore, it is important to have a better understanding of the me-
chanical properties of elastin and its alteration in disease, as well as the mechanisms by
which elastin is degraded/damaged, influencing the arterial remodeling. To understand the
mechanical function of elastin in the arterial wall, purified elastin was obtained and me-
chanically tested using both uniaxial stretching (Lillie and Gosline, 2002b; Watton et al.,
2009; Stephen et al., 2014) and biaxial tensile testing methods (Gundiah et al., 2007; Zou
and Zhang, 2009, 2012b). It has been shown that the elastin network in the thoracic aorta
possesses anisotropic mechanical behavior, and it becomes increasingly anisotropic with
distance from the heart (Zou and Zhang, 2009; Watton et al., 2009).
Elastin is a long-lived ECM protein and it can suer from cumulative eects of bio-
chemical damages. Non-enzymatic glycation of elastin has been shown to increase with
aging (Konova et al., 2004). Stiening of the arterial wall among diabetic patients has been
attributed to glycation crosslinks of elastin and collagen (Sims et al., 1996). In vitro studies
have also shown that glucose treatments stiens arterial elastin (Winlove et al., 1996; Zou
and Zhang, 2012b), increases the storage and loss modulus (Lillie and Gosline, 1996), and
also changes the viscoelastic stress relaxation behavior of elastin (Zou and Zhang, 2012b).
We have previously studied the mechanical behavior of elastin using a biaxial tensile testing
method and demonstrated that short-term glucose treatment (48 hours) induces changes in
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both the elastic and viscoelastic properties of elastin (Zou and Zhang, 2012b). The present
study aims to fully understand the mechanical properties of elastin with longer period of
glucose treatment. To this end, the changes in the mechanical properties of elastin were
studied with 4, 7, 14, 21 or 28 days of glucose treatment. Histology studies and Transmis-
sion Electron Microscopy (TEM) were performed to examine the elastin samples and to
identify possible ultrastructure changes due to glucose treatment. A statistical mechanics
based constitutive model was implemented to describe the orthotropic hyperelastic behav-
ior of elastin with glucose eects.
5.3 Materials and Methods
5.3.1 Sample preparation
Porcine thoracic aortas were harvested from 12-24 month old pigs (160-200 lbs in
weight) from a local abattoir and transported to laboratory on ice. Aortas were cleaned
of adherent tissues and fat and rinsed in distilled water. Squared samples of about 20 mm 
20 mm were cut from the cleaned aortas. All samples were taken from the similar longitu-
dinal region of aortas to minimize the changes of mechanical properties with longitudinal
position (Zou and Zhang, 2009). Purified elastin was obtained using cyanogen bromide
(CNBr) treatment while cells, collagen and other ECM components were removed (Zou
and Zhang, 2009). Briefly, aortic samples were treated with 50 mg/ml CNBr (Acros Or-
ganics) in 70% formic acid (Acros Organics) solution for 19 h at room temperature with
gentle stirring. Tissue samples were then gently stirred for 1 h at 60 C and followed by
5 min of boiling to inactivate CNBr. Elastin tissue samples were kept in 1x phosphate
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buered saline (PBS) solution before further experiment.
5.3.2 Glucose treatment
Before glucose treatment, the side lengths and thickness of each elastin sample were
carefully measured using a digital caliper. Thickness was determined by averaging the
measurements taken at 8 positions over the sample. Tissue samples (n = 7) were then
incubated in 2 M glucose solution and were allowed to equilibrate at 37 C for 4, 7, 14, 21
or 28 days. The dimensions of the tissue samples were re-measured after glucose treatment.
5.3.3 Mechanical testing
Biaxial tensile testing and histology were performed on the tissue samples to investigate
the mechanical properties and microstructures, refer to Chapter 2 for details. Particular
experimental settings for this study include a preload of 5  0:05 N/m, 10 cycles of equi-
biaxial tension of 40 N/m during preconditioning, and 10 cycles of equi-biaxial tension of
100 N/m applied to study the mechanical behavior of elastin samples.
Biaxial tensile tests were performed before and after glucose treatment to study the ef-
fects of glucose on the mechanical function of elastin (n = 7). After glucose treatment,
samples were maintained in glucose solution during mechanical testing to keep chemical
balance. Control experiments were performed in 1x PBS before glucose treatment. Al-
though not shown in this study, our experimental results showed minimal alterations in the
mechanical properties of elastin samples incubated in PBS for up to 28 days.
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5.3.4 Statistical analysis
Sample dimensions and tangent modulus of elastin samples before and after glucose
treatment were averaged over the number of samples. The averaged results are expressed
in the form of mean  SD. Statistical analysis was performed by JMP Pro (version 10.0.2,
SAS Institute Inc.) using one-way analysis of variance (ANOVA) followed by Dunnetts
post hoc comparisons. Dierences are considered to be significant when p < 0:05.
5.4 Constitutive Modeling
Based on the analogy between the entangled long molecular chains and the structural
protein framework seen in the elastin network, a statistical mechanics based orthotropic
hyperelastic microstructural model was implemented to study the eects of glucose treat-
ment on the mechanical behavior of elastin. The model assumes that the fiber network
consists of eight-chain orthotropic unit elements where every single chain is modeled as a
freely jointed chain (Bischo et al., 2002). This model has been adapted by Zou and Zhang
(2009) to study the orthotropic hyperelastic behavior of the elastin network, to which in-
terested readers are referred for more details. Briefly, the unit element is characterized by
a, b and c in three orthogonal principal material directions a, b and c, with eight chains
situated along the diagonals of the element and linked together at the center of the element.
Dierent dimensions of the basic unit element in the three principal material directions in-
duce the orthotropic response. The normalized chain vector P(i) (i = 1; 2; : : : ; 8 denotes the
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chain number) is expressed in terms of a, b and c as:
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The final form of the homogenized strain energy function is given as:
W = W0 +
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whereW is the overall energy,W0 is a constant, B is a parameter that controls the bulk com-
pressibility, and J is the determinant of deformation gradient tensor related to mechanical
stretch. Parameters a, b, and c are stretches along these directions. N = (a2 + b2 + c2)=4
is the number of rigid links within each individual freely-jointed chain. (i) are the normal-
ized deformed lengths of the constituent chains in the unit element. (i) = L 1((i)=N) is the
inverse Langevin function. P =
p
a2 + b2 + c2=2 is the initial normalized length of each
chain. Parameter n is the chain density per unit volume, k = 1:3810 23J=K is Boltzmanns
constant,  = 298K and is absolute temperature.
The second Piola-Kirchho stress tensor can be calculated from strain energy function
in Eq. 5.2 as S = 2@W=@C, where C is the right Cauchy-Green strain. The Cauchy stress
can then be calculated by applying a push forward operation as  = J 1FSFT (Holzapfel,
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2000). The tensor form of the Cauchy stress is
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where P(i) can be obtained from Eq. 5.1, and F is the deformation gradient.
Four independent material parameters a, b, c and n were estimated by using a direct
search method (fminsearch function) in Matlab (version R2011a, MathWorks Inc). At
each stretch recorded in the experiment, Cauchy stress is calculated according to Eq. 5.3.
The summation of the squared dierences between the estimated and experimental Cauchy
stress is minimized (Zeinali-Davarani et al., 2013, 2015), and the corresponding material
parameters a, b, c and n are obtained. A root-mean-square (RMS) measure of the goodness
of fit is calculated as (Zeinali-Davarani et al., 2013, 2015):
RMS =
vt
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numX
1
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1
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1
(estC   expC )2 (5.4)
5.5 Results
Histology images in Figure 5.1 show the removal of collagen, cells and other ECM
components in the purified elastin sample. The Movats pentachrome stain of the intact
aorta sample shows the presence of elastic fibers, collagen fibers and SMCs, whereas the
purified elastin sample is devoid of collagen fibers and SMCs.
68
(a)
(b)
Figure 5.1: Histology images of cross-sections of (a) intact porcine thoracic aorta
and (b) purified elastin with Movats pentachrome stain. Collagen fibers yellow,
nuclei/elastic fibers purple to black, smooth muscle cells red, and ground substance
blue. Scale bars represent 20 m.
Figure 5.2 shows the swelling ratio of elastin samples calculated as the ratio of the vol-
ume after glucose treatment to the volume before treatment. There is a significant decrease
of swelling ratio for glucose treated elastin. However greater decreases were observed for
samples after 4 and 7 days of glucose treatment than the other treatment durations.
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Figure 5.3 shows the normalized size changes of elastin samples after glucose treat-
ment, obtained by dividing the sizes of elastin samples measured after glucose treatment
by dimensions before glucose treatment (n = 7). After glucose treatment, there is a signifi-
cant decrease of tissue dimensions in both the side lengths and thickness (p < 0:05), except
for the thickness after 4 days of glucose treatment (p = 0:1602).
Figure 5.2: Swelling ratio of elastin before and after glucose treatment (n = 7).
(p < 0:05)
Figure 5.3: Size changes of elastin with glucose treatment for 4, 7, 14, 21 and 28
days (n = 7). The size after glucose treatment were normalized to the size of elastin
samples before treatment. (p < 0:05)
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Representative comparison of Cauchy stress versus stretch curves in both the longitu-
dinal and circumferential directions is shown in Figure 5.4. There are several interesting
changes observed from the stress-stretch curves. For elastin samples without glucose treat-
ment, the loading and unloading stress-stretch curves almost overlap, i.e., the hysteresis is
very small. However, an increasing trend in hysteresis with incubation time was observed.
Figure 5.5 shows hysteresis, calculated as the total area between the loading and unloading
curves divided by the area under the loading curve (McClure et al., 2009), of elastin sam-
ples before and after glucose treatment (n = 7). The hysteresis increases gradually from
less than 10% in untreated elastin to nearly 60% after 28 days of glucose treatment.
It also appears that the elastin gradually stiens in both the longitudinal and circumfer-
ential directions with glucose treatment (Fig. 5.4). To better compare the elastic behavior of
elastin before and after glucose treatment, tangent modulus was obtained by dierentiating
the experimental Cauchy stress-stretch curves. Figure 5.6a presents the averaged tangent
modulus at the control condition. Figures 5.6b-f shows the normalized tangent modulus,
obtained by dividing the tangent modulus after glucose treatment at each treatment time
by the modulus at the control condition of the corresponding sample. The tangent mod-
ulus shows a significant increase in both the longitudinal and circumferential directions
after glucose treatment compared with the control group, except the tangent modulus of 4
days treatment in the circumferential direction, which remains similar to that of the control
group (p = 0:9690).
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(a) (b)
Figure 5.4: Representative Cauchy stress - stretch relationship of elastin sample
before and after glucose treatment in the (a) longitudinal and (b) circumferential
directions.
Figure 5.5: Hysteresis percent values for control and glucose treated elastin (n = 7)
for 4, 7, 14, 21 and 28 days. (p < 0:05)
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(a) (b)
(c) (d)
(e) (f)
Figure 5.6: (a) Averaged tangent modulus of elastin at control condition. Normal-
ized tangent modulus of elastin with glucose treatment for (b) 4 days, (c) 7 days,
(d) 14 days, (e) 21 days and (f) 28 days (n = 7). The tangent modulus after glucose
treatment was normalized to the control elastin samples.
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TEM images of the intact pig aorta show elastic laminae, SMCs and collagen fibers
arranged in an orderly manner with circumferential SMC layers alternating with interpos-
ing elastic laminae (Fig. 5.7a). Intertwining collagen fiber bundles are evident and appear
to be oriented in both the longitudinal and circumferential directions of the arterial wall
(Fig. 5.7b). Elastin deposits, possibly representing the inter-laminar connecting fibers, can
also be seen. Figures 5.7c and 5.7d verify that the purified elastin maintains its structural
integrity despite the removal of SMCs, collagen and other ECM components. Overall, the
TEM images show no obvious ultrastructure changes in the elastin due to glucose treat-
ment. It is interesting that the smaller elastin deposits present between the continuous
elastic laminae, which are seen in the intact aorta (Fig. 5.7b), remain intact in the purified
elastin. These smaller deposits appear to have interconnections with the continuous elas-
tic laminae and may therefore be important for maintaining the interspacing and structural
integrity of the tissue.
Figure 5.8 shows the representative modeling results of equi-biaxial tests of the elastin
network with glucose treatment. Considering the hysteresis, especially with long-term
glucose treatment, only the loading part of Cauchy stress versus stretch was modeled. The
estimated material parameters and RMS are summarized in Table 5.1.
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Figure 5.7: Transmission electron microscopy (TEM) images of (a, b) intact
porcine thoracic aorta at two magnifications with the intersect square image
zoomed in, (c) purified elastin without glucose treatment, and (d) purified elastin
after 28 days of glucose treatment. EL - elastic laminae; vSMC - smooth muscle
cells; Coll (LS) - collagen fibers in longitudinal section; Coll (XS) - collagen fibers
in cross-section. Arrows indicate inter-laminar elastin deposits.
(a) (b)
Figure 5.8: Representative modeling results (lines) of Cauchy stress versus stretch
of elastin before and after glucose treatment in the (a) longitudinal, and (b) circum-
ferential directions. Experimental results were also shown in symbols for compar-
ison.
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(a) (b)
(c) (d)
(e)
Figure 5.9: Estimated material parameters (a) n  N, (b) a=pa2 + b2 + c2, (c)
b=
p
a2 + b2 + c2, (d) c=
p
a2 + b2 + c2, and (e) a=b of elastin samples treated with
glucose for 4, 7, 14, 21 and 28 days (n = 7). The material parameters n and N of
each elastin sample were normalized to the parameters before glucose treatment.
(p < 0:05)
76
Sample
number
Treatment
time
(days)
n(1/m3) a b c N RMS
1
0 1.13  1025 1.4935 1.7739 0.8946 1.5444 1.1907
4 1.18  1025 1.3989 1.6967 1.0003 1.4591 1.5184
7 6.48  1024 1.4421 1.5418 0.7652 1.2606 1.4578
14 1.79  1025 1.5580 1.8290 0.8837 1.6385 1.3817
21 2.60  1025 1.4222 1.7968 1.0974 1.6138 1.7416
28 7.59  1025 1.7254 1.8712 0.8990 1.8217 3.8791
2
0 1.24  1025 1.5884 1.7043 1.0046 1.6092 1.0822
4 1.32  1025 1.5695 1.7024 0.9901 1.5854 1.7506
7 1.69  1025 1.5908 1.7313 1.0027 1.6334 1.6604
14 1.95  1025 1.5596 1.6306 1.1341 1.5944 1.5732
21 2.37  1025 1.6568 1.8057 1.0337 1.7685 1.8025
28 4.79  1025 2.1527 2.2802 0.8101 2.6224 3.3212
3
0 1.02  1025 1.4399 1.5710 1.2299 1.5135 1.1636
4 1.16  1025 1.3654 1.4825 1.2794 1.4248 1.1841
7 1.39  1025 1.7389 1.9039 0.8844 1.8577 1.0634
14 1.21  1025 1.6127 1.6447 1.0454 1.5997 1.3552
21 2.19  1025 1.8901 2.0661 0.8366 2.1353 1.2410
28 5.34  1025 2.9967 2.9788 0.2534 4.4794 2.4627
4
0 1.45  1025 1.5593 1.5707 1.0598 1.5054 1.0845
4 2.08  1025 1.7229 1.7014 0.9895 1.7106 1.0247
7 1.70  1025 1.7523 1.6579 0.8312 1.6275 1.4329
14 3.33  1025 2.0868 1.9728 0.4754 2.1181 2.5507
21 6.10  1025 2.5250 2.3262 0.4060 2.9879 3.3298
28 4.98  1025 2.1423 1.8253 0.0399 1.9807 6.6508
Table 5.1: Summary of material parameters of elastin samples (n = 7) with glucose
treatment.
5.6 Discussion
The mechanical properties of glucose treated aortic elastin were studied using biaxial
tensile testing and constitutive modeling. The interaction between glucose and elastin, so
called glycation, induces several interesting and important changes in elastin. Mechanical
testing results show that the stiness of elastin increases gradually with glucose treatment.
In addition, glucose treated elastin exhibits a large hysteresis upon loading and unloading
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compared to the control. Moreover, the amount of hysteresis also increases with treatment
times. Hysteresis, as one of the characteristic behaviors of viscoelasticity (Humphrey,
2003), exhibited a significant increase, which indicated that the viscoelastic properties of
elastin were aected by glucose treatment. Hysteresis is proportional to the energy dissi-
pated within a loading cycle and, along with relaxation and creep responses, are known as
the main features of the viscoelastic properties of many biological materials. It is important
to study the viscoelastic properties of elastin since it provides arteries with elasticity and
the ability to recover from pulsatile deformation (McClure et al., 2009). Several mecha-
nisms are likely playing a role in viscoelastic behavior of materials. The time dependent
mechanical characteristics of interstitial fluid flow passing through the ECM may be a
factor determining the multiphasic biological materials viscoelastic response. The time
dependent nature of the conformational changes in macromolecules in response to exter-
nal loads may be another factor in tissues (Knauss and Emri, 1981). Here, we showed
that glucose treatment significantly increases the hysteresis behavior of elastin. The glyca-
tion process has been shown to have a deswellingndehydrating eect on elastin, reducing
the free space available for the configurational changes in elastin chain molecules upon
loading and, hence, increasing the relaxation time (Lillie and Gosline, 1996) and inducing
more relaxation (Zou and Zhang, 2012b). Together, these findings suggest that viscoelastic
properties of elastin are strengthened partly due to the dehydrating eects of glycation.
The macroscopic reduction in tissue size observed in our experiments suggests that the
process of glucose treatment is accompanied by water redistribution as well as ultrastruc-
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tural changes to the protein. It has been shown that glycation of elastin does occur although
elastin has relatively low content of lysine residues (Stephen et al., 2014). The redistribu-
tion of water may, in part, be expected to modify the time dependent mechanical charac-
teristic of interstitial fluid flow in the elastin matrix and/or structural characteristics of the
protein that provide its elastomeric characteristics. The viscoelastic properties of elastin
are closely related to the water content of the fibers. At the physiological state elastin is
at a hydrated state of about 40-50% of hydration. Glucose has been used as an osmotic
desweller to dehydrate the elastin network (Lillie and Gosline, 1996). Samouillan et al.
(2004) studied the eect of hydration on the viscoelastic properties of elastin through the
analysis of the glass transition temperature. Their study demonstrated that the glass tran-
sition temperature falls drastically with hydration, and the protein/water hydrogen bonds
plays a crucial role in increasing the mobility of elastin in the relaxed state.
Water is known to act as a plasticizer in the functionality of elastin, i.e., elastin is elastic
only when it is hydrated (Gosline, 1978a,b; Andrady and Mark, 1980; Winlove and Parker,
1990). Water plays an essential role in the molecular dynamics of elastin by facilitating the
motions of the polypeptide chains (Villani and Tamburro, 1995; Debelle and Alix, 1999;
Villani et al., 2000). The elastin network contains intrafibrillar, extrafibrillar and bulk wa-
ter (Lillie et al., 1996). Hydration water, which refers to the intra- and extrafibrillar water,
has been shown to contribute to the elasticity of elastin from both experiments (Gosline
and French, 1979) and simulations (Li et al., 2001). A study by Gosline and French (1979)
showed that removing only 10% of the hydration water of elastin can greatly influence elas-
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ticity. Molecular dynamics simulations by Li et al. (2001) further supports the important
role of hydration water in the mechanism of elasticity. Debelle and Alix (1999) proposed
that the bulk water may also contribute to elastin elasticity through interactions with the
hydration water of the molecule. The hydrogen bonds formed between bulk solvent wa-
ter and hydration water molecules loose the hydrogen bonds between the hydration water
molecules and the polypeptide chains, which allows higher chain mobility. Comparison of
swelling ratio (Fig. 5.2) to the values in Chapter 4 (Fig. 4.5) also suggests that glucose
treatment aects the amount of extrafibrillar water pool.
In this study, we evaluated the alteration in biaxial mechanical properties of aortic
elastin when treated with glucose using a microstructural-based constitutive model with
the goal of relating the changes of mechanical behavior with alterations in the microstruc-
ture of elastin network with glucose treatment. To study the changes of material properties
and possible links with microstructure, the changes in material parameters with glucose
treatment were studied in Fig. 5.9. Parameter nN, number of rigid links per unit volume,
was calculated to provide information on elastin density. In Figure 5.9a, the normalized
n  N shows an increasing trend (p = 0:0005), indicating an increase of elastin density
with glucose treatment, which coincides with the decrease in sample dimensions shown
in Fig. 5.3. The values of a=
p
a2 + b2 + c2, b=
p
a2 + b2 + c2 and c=
p
a2 + b2 + c2 provide
information on the spatial fiber distribution. As shown in Figures 5.9b-d, the increasing
trend of a=
p
a2 + b2 + c2 (p = 0:0144) and b=
p
a2 + b2 + c2 (p = 0:1624) indicates that
elastic fibers are more aligned in the longitudinal and circumferential directions with glu-
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cose treatment, while the decreasing trend of c=
p
a2 + b2 + c2 (p = 0:0002) indicates that
elastic fibers are less oriented in the radial direction. The ratio a=b in Fig. 5.9e suggests the
degree of anisotropy by comparing the material parameters in the longitudinal and circum-
ferential directions, with the ratio of a=b = 1 being isotropic. In most cases, b is greater
than a suggesting that elastin fibers have a preferential distribution in the circumferential
direction, and therefore the elastin network is stier in the circumferential direction. Al-
though the changes are not significant (p = 0:6112), there is a trend that the samples after
glucose treatment become more isotropic, as can also be observed from the representative
stress-stretch curves in Fig 5.4. The increase of elastin density as well as changes of spatial
distribution of elastic fibers shown in Fig. 5.9 indicate realignment of the elastic fibers,
which result in an increase in stiness of the longitudinal and circumferential directions.
It is possible that the elastic fibers are more packed with a decrease in spacing due to the
osmotic deswelling eect from the glucose treatment. The removal of water accompanied
by shrinkage of the tissue will cause an increase in the density of the elastin fibers while the
quantity of total elastin fibers remains the same throughout the glucose treatment process.
No obvious ultrastructure changes were identified from the TEM studies; however,
molecular level structural modifications due to the interactions between elastin and glu-
cose are possible. In collaboration with Dr. Boutiss group at CUNY, nuclear magnetic
resonance (NMR) studies were performed to study the structure and dynamics of elastin
with the eect of in vitro glucose exposure (Silverstein et al., 2015). Several interesting
structural changes were observed (Fig. 5.10): 1) a striking feature of the data is the in-
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crease in the signal intensity following glucose exposure; the glucose treated sample cross
polarizes significantly more than the untreated samples pointing to a more rigid backbone.
2) Glucose treatment induces significant dierences in resolution with the untreated sample
appearing narrower than the glucose treated sample, indicating a higher degree of structural
heterogeneity in the glucose treated sample. 3) The dierent chemical shifts at 17ppm
and 52ppm (C- and C-alanine) suggest more -helical like secondary structures follow-
ing glucose exposure. 4) The observation of cross-polarized glucose peaks in the treated
elastin indicate that the molecule exhibits anisotropic motion and/or slow motion and may
be a signature of glucose bonding to the protein backbone.
Figure 5.10: NMR 13C cross-polarization measurements of hydrated elastin with
(treated) and without (untreated) glucose exposure (Silverstein et al., 2015). The
y-axis is the signal intensity, while the chemical shift (ppm) in the x-axis provides
a measurement of the protein secondary structure.
The study on the protein conformational dynamics reveals that the correlation times of
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many amino acids (C-glycine, C-valine, C-proline, as well as the C- and C-alanine) all
appear larger for the glucose treated sample than for the untreated sample and provided de-
tailed information regarding dynamical fluctuations at hydrophobic and hydrophilic sites of
elastin. These data indicate that changes following exposure to glucose modify the dynami-
cal behavior of elastin not at one site, but throughout the entire protein. The larger dynamic
correlation times indicate a reduced dynamical behavior, or less mobile conformationally,
of the protein backbone following glucose exposure, and results in altered entropic and
energetic contributions to the elastomeric force and stiens the elastin backbone.
We would like to point out that in the present study we focused our eort on elucidat-
ing the alteration of the biomechanical function of elastin with glucose treatment. However
blood vessels are complex biological materials with hierarchical ultrastructures. Elastin and
collagen, the two major ECM components that are essential to accommodate deformations
encountered during physiological functions, have complex mechanical and biological in-
teractions in modifying the dynamic behavior of blood vessels (Chow et al., 2013b, 2014).
The eect of glucose on arterial function in vivo is much more complicated and involves
interactions not only between glucose and elastin, but also between glucose and other struc-
tural components, such as collagen. Nevertheless, elucidating the changes in elastin is an
important first step towards understanding the eect of glucose on arterial mechanics.
5.7 Conclusions
Biomechanical studies reveal several interesting and important changes associated with
non-enzymatic elastin glycation. Specifically, the stiness of elastin samples increases
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significantly with glucose treatment. In addition, glucose treated elastin exhibits a large
hysteresis in the stress-stretch curves. Redistribution of water in the elastin network asso-
ciated with glycation may play an important role in controlling the mechanical function of
elastin. Future studies are needed to understand the biochemical structural and dynamical
modifications in glucose-treated elastin. The statistical mechanics based constitutive model
simulates the mechanical response at the macro-level reasonably well with microstructural
material parameters suggesting a denser elastin network with preferential fiber distribution
in the circumferential and longitudinal directions as a result glucose treatment.
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CHAPTER 6
VISCOELASTIC BEHAVIOR OF ARTERIAL ELASTIN IN GLUCOSE
6.1 Overview
Elastin is a critical extracellular matrix protein that provides many tissues with re-
silience. In elastic arteries such as aorta, elasticity is crucial for energy storage and trans-
mission of the pulsatile blood flow. As one of the main mechanisms of aging, non-enzymatic
glycation can greatly compromise the mechanical properties of the long-lived elastin. In
this study, eect of glucose on the viscoelastic behavior of purified porcine aortic elastin
was investigated through stress relaxation tests and the corresponding relaxation time dis-
tribution spectra. Elastin was incubated in 2 M glucose solution at 37 C for 4, 7, 14, 21 or
28 days. Biaxial stress relaxation tests were performed to study the viscoelastic property
of elastin. Elastin samples with glucose treatment show increased stress relaxation with
incubation time. Continuous relaxation time distribution spectra were obtained from the
stress relaxation data using Tikhonov regularization method. Generally the spectra of both
untreated and treated elastin have a broad range of relaxation time constants and multi-
ple peaks located between 0.1–10000 s. The intensity of the short-term peak (0.1–10 s)
increases after glucose exposure whereas the intensity of the long-term peak (> 100 s) de-
creases. The initial stress level dependency of stress relaxation was studied and the results
suggested that the intensity of all the peaks increases with higher initial stresses. The dom-
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inant peak in each case, that is the long-term peak of untreated tissue and the short-term
peak of treated tissue, is highly dependent on the initial stress levels. A multi-exponential
model was developed to describe the stress relaxation behavior with material parameters
obtained directly from the continuous relaxation spectrum. To fully characterize the short-,
medium-, and long-term relaxation processes, a multi-exponential model with four expo-
nential terms located between 0.001–1 s, 1–10 s, 10–100 s, and 100–10000 s appears to
best capture the stress relaxation behavior of elastin before and after glucose exposure.
6.2 Introduction
As one of the major extracellular matrix (ECM) structural components, elastic fibers
are essential to provide elasticity and extensibility to the aortic wall (Kielty et al., 2002).
Such properties allow arteries to accommodate deformations encountered during physio-
logical functions, including the maintenance of a steady blood pressure for regular blood
flow throughout the body (Gosline et al., 2002; Zou and Zhang, 2009). Stiening of the
arterial wall is related to elastin degradation and it has been observed in many cardiovascu-
lar diseases such as hypertension, aneurysm, atherosclerosis, and diabetes (Schwartz et al.,
1991; Sims et al., 1996; McEniery et al., 2007; Humphrey, 2008).
As a long-lived ECM protein, elastin can suer from cumulative eects of biochem-
ical damages and the mechanical properties are greatly compromised. Previous research
suggested that the mechanical response of elastin is associated with its microstructures and
the mechanical and chemical environments (Winlove and Parker, 1990; Spina et al., 1999;
Lillie and Gosline, 2002a; Zou and Zhang, 2011, 2012b; Wang et al., 2015; Silverstein
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et al., 2015; Bilici et al., 2016), Stress relaxation is one of the main characteristics of the
viscoelastic behavior of biomaterials (Humphrey, 2003). It has been shown that purified
elastin exhibits stress relaxation (Zou and Zhang, 2011). An increase in the storage and
loss modulus was observed in glucose treated elastin (Lillie and Gosline, 1996). Glucose
treatment has been demonstrated to induce more stress relaxation, which indicates changes
in the viscoelastic property of elastin (Zou and Zhang, 2012b; Wang et al., 2015). Previous
studies have also suggested that the mechanical behavior of elastin is related to hydration
level (Lillie and Gosline, 1990; Weinberg et al., 1995). Redistribution of water in and
around elastin fibers has been shown to be closely related to the viscoelastic properties
of elastin treated with either large or small solutes (Winlove and Parker, 1990; Weinberg
et al., 1995). However limited information is available on the viscoelastic properties of
elastin with the eect of chemical environments and the underlying mechanisms. The
time-dependent mechanical behavior of elastin is essential to fully understand its role in
arteries that are constantly under mechanical loading during cardiac cycles in living bio-
logical systems.
Continuous relaxation time distribution spectrum can be obtained from the stress re-
laxation data and has been widely used to understand the microstructure and relaxation
mechanism of viscoelastic materials (Peleg and Pollak, 1982; Kontogiorgos and Kasapis,
2010; Sodhi et al., 2010; Xu et al., 2013a,b; Li and Zhang, 2015). The features of the spec-
trum, such as peak intensity, the number of peaks and time constants, are correlated with
the intrinsic properties of viscoelastic materials (Malkin, 2006; Sodhi et al., 2010). For
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example, the peak intensity reflects the amount of energy dissipated during relaxation pro-
cess. The number and location of peaks correspond with dierent relaxation components
and thus the underlying molecular structure (Bartenev et al., 1973; Winter, 1997; Xu et al.,
2013b).
In this study, the eect of glucose treatment on the viscoelastic properties of isolated
porcine aortic elastin was studied. Biaxial stress relaxation tests were performed to fully
characterize the viscoelastic behavior of elastin with 4, 7, 14, 21, and 28 days glucose
treatment. The eect of initial stress levels on the relaxation behavior was also studied.
The continuous relaxation spectra, obtained from stress relaxation data using Tikhonovs
regularization method, were employed to provide insights on understanding the relaxation
mechanisms. A multi-exponential model was developed to describe the stress relaxation
behavior with a limited number of parameters directly obtained from the corresponding
relaxation spectra.
6.3 Materials and Methods
6.3.1 Sample preparation
Porcine thoracic aortas (12 to 24 month old) were obtained from a local abattoir and
cleaned of adherent tissues and fat. Squared samples of about 20 mm  20 mm were
prepared from the similar longitudinal region of aortas to avoid the changes of mechanical
properties with longitudinal position. Purified aortic elastin was obtained using cyanogen
bromide (CNBr) treatment with the removal of cells, collagen and other ECM components
(Wang et al., 2015). Briefly, aortic samples were treated with 50 mg/ml CNBr in 70%
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formic acid solution for 19 h at room temperature with gentle stirring. Tissue samples were
then gently stirred for 1 h at 60 C and followed by 5 min of boiling to inactivate CNBr.
Elastin samples were kept in 1x phosphate buered saline (PBS) solution before further
experiments.
6.3.2 Glucose treatment
Tissue samples (n = 5) were incubated in 2 M glucose solution and were allowed to
equilibrate at 37 C for 4, 7, 14, 21 or 28 days (Wang et al., 2015). Both the side lengths and
thickness of elastin sample were measured using a digital caliper before and after glucose
treatment. Thickness was determined by averaging the measurements taken at 8 positions
over the sample.
6.3.3 Stress relaxation test
Biaxial stress relaxation tests were performed to study the viscoelastic behaviors of
elastin before and after glucose treatments, refer to Chapter 2 for details. Particular exper-
imental settings for this study include a preload of 5  0:05 N/m, 10 cycles of equibiaxial
tension of 40 N/m during preconditioning, and tension ranging from 40 to 120 N/m was
applied in stress relaxation tests to study the viscoelastic properties of elastin samples.
Glucose treated samples were maintained in glucose solution during testing to keep
chemical balance. Control experiments were performed in 1x PBS before glucose treat-
ment.
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6.3.4 Continuous relaxation time distribution spectrum
In the generalized Maxwell model, when the number of Maxwell elements approaches
to infinity, the time-dependent Cauchy stress can be described as (Ferry, 1980)
(t) = e +
Z +1
0
H() exp

  t


d ln  (6.1)
where e is the equilibrium stress and H() is the continuous relaxation time distribution
spectrum, and  is the relaxation time.
The relaxation spectrum cannot be obtained directly through experiment, but it can be
determined from stress relaxation experimental data (Mao et al., 2000; Kontogiorgos and
Kasapis, 2010; Xu et al., 2013a,b). The problem of solving for H() is a classical ill-posed
problem in which the solution is highly sensitive to experimental data. Tikhonovs regular-
ization method is used with details described by Li and Zhang (2015). Briefly, FTIKREG
program (Weese, 1992) was used to find the solution by minimizing the objective function
V() =
4X
i=1
"
Zi  
 
e +
Z +1
0
H() exp

  t


d ln 
!#2
+ kLH()k2 (6.2)
where Z is experimental data, k  k represent the Euclidean norm of the matrix. The operator
L is the second derivative with the constraint, that H() vanishes smoothly at the upper
or lower boundary of the time interval in this study and  is the regularization parameter.
To obtain the relaxation spectrum from stress relaxation experimental results, 100 data
points of H() equally distributed in log space within the range from 10 3 s to 104 s were
calculated in the current study.
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6.3.5 Multi-exponential model
A multi-exponential model was developed to describe the stress relaxation behavior of
elastin, and the stress (t) can be written as
(t) = 0
2666664ge + MX
i=1
gi exp
 
  t
i
!3777775 (6.3)
where ge is the equilibrium relaxation modulus, 0 is the initial stress, and 0ge = e is the
equilibrium stress. M is the number of Maxwell elements. Material parameters gi and i
are relaxation intensity and relaxation time constant of the ith Maxwell element, and were
determined from the continuous relaxation spectrum. As 0gi is the regime area under the
ith peak that spans between relaxation time a and b, which can be determined by
Ai =
Z b
a
H() d ln  (6.4)
so that gi was obtained as Ai=0.
To model the stress relaxation behavior, we studied four dierent approaches: In ap-
proach 1), the continuous relaxation spectrum obtained from Tikhonovs regularization was
directly incorporated into the model. In the other three approaches, discrete material pa-
rameters i and gi were obtained based on the continuous relaxation spectrum. To do so,
in approach 2) i and gi were determine by the position of the peak maximum and the
area defined by the two valleys of the corresponding peak; in approach 3) Three defined
regimes with relaxation time located between 0.001–1 s, 1–100 s, and 100–10,000 s, and i
as the x-coordinate of the centroid of each regime area; and in approach 4) Considering that
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majority of the relaxation occurs between 1–100 s, the regime 1–100 s in approach 3 was
further divided into two sub regimes as 1–10 s and 10–100 s to capture the characteristics
of the regime between short- and medium-term peak.
A root-mean-square (RMS) measure is calculated for the goodness-of-fit assessment
RMS =
vut nP
i=1
(ci   ei )2
n
(6.5)
where n is the number of data points for stress relaxation curve, and c and e represent
Cauchy stress from simulation and stress relaxation tests, respectively.
6.3.6 Statistical analysis
The averaged results are expressed in the form of mean standard error of the mean
(SEM). Statistical analysis was performed by JMP Pro (version 10.0.2, SAS Institute Inc.)
using one-way analysis of variance (ANOVA) followed by Dunnetts post hoc comparisons.
Dierences are considered to be significant when p < 0:05.
6.4 Results
The representative normalized biaxial stress relaxation curves are shown in Fig. 6.1.
The stresses were normalized to that at the beginning of the holding period. All samples
were tested at the initial stresses of 89:73  6:86 kPa to minimize the eect of initial stress
levels on the rate of stress relaxation (Zou and Zhang, 2011). Glucose treated elastin shows
more stress relaxation and relaxes faster with longer glucose treatment time. The elastic
fraction, calculated as the ratio between equilibrium stress and initial stress (Dunn and
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Silver, 1983), of elastin samples before and after glucose treatment is shown in Fig. 6.2.
The equilibrium stress was obtained from continuous relaxation spectrum calculation (Mao
et al., 2000) while the initial stress was determined directly from stress relaxation tests as
the value at the beginning of holding period. This fraction tends to decrease with glucose
treatment and it shows a significant decrease after 14 days of glucose treatment, which
suggests that glucose treated elastin is more viscous.
Figure 6.1: Representative stress relaxation curves of elastin before and after glu-
cose treatment in the longitudinal and circumferential directions.
Figure 6.2: Elastic fraction of elastin samples treated with glucose for 4, 7, 14, 21
and 28 days (n = 5). (p < 0:05)
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The eect of initial stress level on the stress relaxation behavior of elastin was exam-
ined. As shown in Fig. 6.3, the representative normalized stress relaxation curves for
both untreated and glucose treated elastin (28 days) exhibit an overall increase in the stress
relaxation with higher initial stress levels. With higher initial stress levels, the untreated
elastin displays more long-term relaxation while the glucose treated elastin demonstrates
an increase in relaxation in the initial short-term holding period. Fig. 6.4 quantifies the
elastic fraction of the untreated and 28 days glucose treated elastin were under dierent
initial stress levels. Overall the elastic fraction decreases after glucose treatment, which
has been shown in Figure 6.2. Although there is a trend of slight decrease in the elastic
fraction with higher initial stress levels, the changes are not significant except when the
initial stress increased from 45:23  1:05 kPa to 116:60  2:09 kPa and 135:94  2:29 kPa
for the 28 days glucose treated elastin.
(a) (b)
Figure 6.3: Representative stress relaxation curves at dierent initial stress lev-
els for elastin (a) before glucose treatment and (b) after 28 days treatment in the
longitudinal and circumferential directions.
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Figure 6.4: Elastic fraction of untreated elastin samples and elastin treated with
glucose for 28 days at dierent initial stress levels (n = 5). (p < 0:05)
Fig. 6.5 shows the relaxation time distribution spectra of the samples presented in Fig.
6.3 under dierent initial stress levels. Generally, the intensity of peaks increases with
higher initial stress levels. The interesting change observed is that the intensity of the peak
increases much more obvious at > 100 s for the untreated tissue and at 0.1–100 s for the
glucose treated tissue. This observation is consistent with the dierences exhibited in the
stress relaxation curves shown in Fig. 6.3. The dierent responses of short- and long-term
relaxation to the initial stress levels before and after glucose treatment indicate changes in
the relaxation mechanisms of the tissue due to glucose treatment. The averaged continuous
relaxation spectra of elastin before and after glucose treatment are plotted in Fig. 6.6. For
untreated elastin, two minor peaks located between 0.1–10 s, 10–100 s, and one main peak
at > 100 s are observed in the relaxation spectrum. For glucose treated elastin, a dominant
peak located between 0.1–100 s and a minor peak at > 100 s was observed. The intensity
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of the peak at 0.1–10 s increases dramatically with glucose treatment and the relaxation
time range is widened to 0.1–100 s. Meanwhile the peak between 10–100 s in the spectrum
of untreated elastin seems to disappear due to glucose treatment. Glucose treatment also
induces a decrease in the intensity of the peak at > 100 s.
(a) (b)
Figure 6.5: Representative relaxation time distribution spectra at dierent initial
stress levels for elastin (a) before glucose treatment and (b) after 28 days treatment
in the longitudinal and circumferential directions.
Figure 6.6: Averaged relaxation time distribution spectra obtained from biaxial
stress relaxation tests of elastin before and after glucose treatment at the initial
stress level of 89.73  6.86 kPa (n = 5).
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The multi-exponential model was used to fit the stress relaxation data of a sample after
4 days glucose treatment (Fig. 6.7). The fitting curve from the continuous relaxation spec-
trum validates the results of Tikhonovs regularization analysis and provides an excellent fit
to the experimental data. The discrete multi-exponential model was developed to help us
understand the information needed to capture the features of relaxation curves. All the ap-
proaches provide good fitting at long relaxation regime. However, the fitting based on the
number of peaks does not capture the relaxation behavior below 100 s very well. Dividing
this range into 0.001–1 s and 1–100 s sub regimes improves the fitting in the 0.001–1 s
regime but still fails to capture the relaxation behavior in the 1–100 s regime. Considering
that majority of the relaxation occurs between 1–100 s, the regime 1–100 was further di-
vided into two sub regimes (1–10 s and 10–100 s). As shown in Fig. 6.7b, this approach
seems to improve the fitting to the relaxation data, especially between 1–100s. The corre-
sponding material parameters and RMS of each approach are presented in Table 6.1. The 4
regimes approach was then used to model the stress relaxation behavior of elastin with glu-
cose treatment, as shown in Fig. 6.8. The material parameters and RMS are summarized
in Table 6.2. Overall, the results confirm that the four-regime discrete multi-exponential
model approach successfully captures the relaxation behavior with a small number of pa-
rameters directly obtained from the continuous relaxation spectrum.
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(a)
(b)
Figure 6.7: (a) Representative relaxation time distribution spectrum of elastin after
4 days glucose treatment. (b) Comparison of the four modeling approaches with
experimental data of 4 days glucose treated elastin.
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Approach g1 1(s) g2 2(s) g3 3(s) g4 4(s) RMS
Continuous - - - - - - - - 0.0957
2 peaks 0.0883 0.9326 0.0512 390.4714 - - - - 0.6297
3 regimes 0.0445 0.2160 0.0546 9.5393 0.0404 608.8458 - - 0.3281
4 regimes 0.0445 0.2160 0.0311 3.4610 0.0235 36.5167 0.0404 608.8458 0.3006
Table 6.1: Model parameters and RMS of the representative 4 days glucose treated
elastin in the longitudinal direction by using the four modeling approaches. The
parameters in the discrete multi-exponential model were obtained directly from the
corresponding continuous relaxation spectrum.
Figure 6.8: Representative longitudinal stress relaxation curves of elastin before
and after glucose treatment when fitting by using the multi-exponential model with
the 4 regimes approach. Symbols represent experimental results and lines represent
modeling results.
Treatment
time g1 1(s) g2 2(s) g3 3(s) g4 4(s) RMS
Day 0 0.0224 0.2324 0.0211 3.4794 0.0235 35.6316 0.0646 1027.3723 0.1685
Day 4 0.0445 0.2160 0.0311 3.4610 0.0235 36.5167 0.0404 608.8458 0.3006
Day 7 0.0737 0.1941 0.0426 3.3621 0.0218 30.9278 0.0274 725.7753 0.4584
Day 14 0.1290 0.2664 0.0765 3.1569 0.0282 29.9993 0.0292 688.9245 0.6250
Day 21 0.1425 0.2930 0.0870 3.0822 0.0309 30.0913 0.0245 902.0790 0.6473
Day 28 0.1358 0.4626 0.1769 3.2401 0.0576 28.5827 0.0265 521.1934 0.3480
Table 6.2: Summary of material parameters and RMS of the discrete multi-
exponential model with 4 regimes approach fitted for the representative longitu-
dinal stress relaxation curves of elastin before and after glucose treatment. The
parameters were obtained directly from the continuous relaxation spectra of the
representative sample.
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6.5 Discussion
In this study, the eect of glucose on the viscoelastic behavior of elastin was studied
using biaxial stress relaxation tests. Continuous relaxation spectrum was obtained from
the stress relaxation data and was used to provide microstructural understanding of the re-
laxation mechanisms. Previously we have demonstrated that glucose treatment leads to a
significant increase in hysteresis (Wang et al., 2015). The present study showing more re-
laxation with longer glucose exposure agrees with the previous results, and further proves
that exposure to glucose causes elastin to be less elastic and more viscous. Winlove and
Parker (1990) performed uniaxial stress relaxation tests on purified elastin exposed to 2 M
glucose solution for 48 hours and observed no significant changes. This is possible due
to the short glucose treatment duration. However, they suggested that the penetration of
viscous fluids into the intrafibrillar space of elastin network could aect its viscoelastic
behavior. Lillie and Gosline (1993, 1996) also studied the viscoelastic property of elastin
in glucose. They observed an increase in storage and loss moduli after treatment of glu-
cose and suggest the changes be correlated with tissue dehydration. Overall, the results
from previous and our studies call for further understandings on the eect of biochemical
environments on the viscoelastic behavior of elastin.
Elastic fraction provides quantifications on the relative elastic and viscous mechanical
contributions. When the connective tissues deform, a resistive force including an elastic
component and a viscous component is generated. The elastic component corresponds
with the reversible strain energy while the viscous component represents the strain energy
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dissipated during relaxation (Dunn and Silver, 1983). Overall our study suggested that no
significant changes were observed in the elastic fraction of untreated elastin with various
initial stress levels (Figure 6.4). Our previous study also suggested that the rate of stress re-
laxation of elastin is almost independent on the initial stress level when stresses are higher
than 60 kPa (Zou and Zhang, 2011). Untreated elastin has a relatively large elastic fraction
(around 0.9) under the initial stress levels tested in the study (from 32:80  0:85 kPa to
97:59 2:04 kPa). This is in accordance with the role of elastin network in the arterial wall
as an ecient energy storage component to maintain a constant blood flow. Glucose treat-
ment tends to diminish its capacity to store elastic energy, as indicated by a lower elastic
fraction after glucose treatment (Figures 6.2 and 6.4). The viscous energy dissipation in
elastin could have detrimental eects on the cardiac function, as arteries will lose energy
upon moving the blood further down the arterial tree during diastole, and higher systolic
pressures are required to generate flow in stier and dampened arteries.
The characteristics of the relaxation spectrum has been associated with the underlying
microstructure of the protein (Weese and Friedrich, 1994). A more heterogeneous structure
correlates with a spectrum that is characterized by distinct multiple peaks (Ptaszek et al.,
2009). Our results show that the spectrum of untreated elastin generally has three con-
nected peaks stretched over a wide range of relaxation times (Figure 6.5a). Such spectrum
was described as a single multimodal peak or a single peak with multiple maxima (Ptaszek
and Grzesik, 2007; Ptaszek et al., 2009; Sodhi et al., 2010). The relaxation spectrum of
untreated elastin suggested a complicated structure that possesses both homogeneous char-
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acter as reflected by the connected peaks as well as a heterogeneous character revealed
by multiple maxima. The amino acid compositions of elastin are mainly glycine, valine,
alanine, and proline (Urry, 1983; Anwar, 1990) that may contribute the homogeneous char-
acter to elastin. Meanwhile other amino acids (Urry, 1983; Anwar, 1990; Debelle and Alix,
1999) and numerous amino acid residues are present and may contribute to heterogeneity
(Mao et al., 2000). Tropoelastin, the precursor of elastin, has been reported to have multi-
ple isoforms as a result of the extensive alternative splicing of tropoelastin transcript (Indik
et al., 1987; Parks and Deak, 1990; Boyd et al., 1993), which may induce structure hetero-
geneity and aect the function of tropoelastin (Parks and Deak, 1990). It was suspected
that the heterogeneity at macromolecular level also accounts for the physical properties of
the tissue (Partridge et al., 1955). It is worth noting, however, that the two derived pro-
tein fractions, -(high molecular weight) and -(low molecular weight) elastin peptides, of
elastin fibers share the same amino acid composition so that the substance of elastin fibers
was suggested to be a chemically homogeneous protein (Partridge et al., 1955). Another
source of the complicated structure of elastin network is the presence of water in the intra-
and extrafibrillar spaces (Weinberg et al., 1995). The binding of water to elastin peptide
chains has been suggested to have conflicting eects on the local movements of elastin
peptide chains and the mechanical behavior of elastin (Megret et al., 1993; Debelle and
Alix, 1999).
Previous studies have correlated the stress relaxation behavior with the underlying mi-
crostructural mechanisms using the relaxation spectrum analysis (Mao et al., 2000; Kon-
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togiorgos and Kasapis, 2010; Xu et al., 2013a,b; Li and Zhang, 2015; Babaei et al., 2015,
2016). The information from the spectrum, such as the locations of peak maxima and the in-
tensity of the peaks, provides insights into the relaxation mechanism. Each peak represents
a relaxation process that is associated with the underlying microstructure. The spectrum of
untreated elastin (Figure 6.6) indicates that the relaxation behavior of untreated elastin is
mainly aected by long-term relaxation process (> 100 s) while both short- (0.1–10 s) and
medium-term (10–100 s) relaxation also plays a role. After glucose treatment, the short-
term peak has a much higher intensity than the long-term peak, while the medium-term
peak disappears. This indicates that the fast relaxation process dominates the relaxation
behavior of the glucose treated elastin. Previous study suggests that the fast relaxation
is correlated with the hydrogen bonding that deforms easily, whereas the slow relaxation
with the protein-protein covalent interactions within the network that is more dicult to
relax under the application of external force (Kontogiorgos and Kasapis, 2010). Previous
NMR studies found that elastin may be glycosylated through hydrogen bonding (Silver-
stein et al., 2015). The presence of glucose was suggested to perturb the hydrogen bonds
between water and protein. Molecular dynamics simulations also showed that some pro-
tein/water hydrogen bonds are replaced by protein/glucose hydrogen bonds and hence the
dynamical characteristics of glucose treated elastin are altered (Silverstein et al., 2015). In
contrast, the decrease of long-term peak intensity suggests that the elastin network is stier
after glucose exposure since the reduction of intensity is correlated with the decrease in
the number of chains respond to the external applied forces (Kontogiorgos and Kasapis,
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2010). The results of NMR studies also pointed to more rigid structures and less dynamical
properties of elastin resulted from glucose treatment (Silverstein et al., 2015).
The present study shows an increase in the intensity of peaks with higher initial stress
level (Figure 6.5). It is also noted that the long relaxation peak for the untreated sample and
the short relaxation peak for the treated sample exhibit stronger initial stress dependence.
These two peaks coincide with the dominant peak in each case. As discussed above, the
relaxation mechanisms indicated by the short-term and long-term peaks are dierent. The
relaxation spectra with various initial stress levels indicate that the relaxation behavior of
untreated elastin is mainly determined by the covalent interactions with the network, how-
ever with glucose treatment, hydrogen bonding becomes more significant in the determi-
nation of stress relaxation behavior due to the modification of the number and strength of
hydrogen bonds with either water or glucose and of protein/protein hydrogen bonds.
To model the viscoelastic behavior, generalized Maxwell model with a small number
of elements is broadly used. The so-called discrete relaxation spectrum is usually obtained
by a direct fitting of the experimental data (Ferry, 1980). However, it is dicult to de-
termine the number of Maxwell elements objectively and the fitting is usually not unique.
In this study, discrete model with a small number of parameters was obtained based on
the continuous relaxation spectrum, and then incorporated into a multi-exponential model.
The eectiveness of the multi-exponential model was then validated by a reasonably good
fitting to the experimental data. For most samples, especially with glucose treatment, we
observed two peaks in the relaxation spectra located at 0.1–100 s and > 100 s respectively
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while the first peak has a broad range. When the exponential terms i and gi are deter-
mined from the distinct peaks in the continuous spectrum, however, due to the wide range
of relaxation spectrum, the model cannot capture the initial fast stress relaxation behavior
for the glucose treated sample, as shown in Figure 6.7b with a sudden drop for the short
relaxation, especially for long-term glucose treated elastin due to the dominance of the
short relaxation component in the relaxation behavior. Dividing the relaxation spectrum
into three regimes between 0.001–1 s, 1–100 s, and > 100 s improves the fitting below 1
s but still fails to capture the relaxation behavior between 1–100 s. Since majority of the
relaxation occurs between 1–100 s, this regime was further divided into two sub regimes,
1–10 s and 10–100 s. This division is also supported by the observation of one minor peak
at 10–100 s for the untreated elastin. This approach improves the fitting capability of the
model, especially between the 1–100s relaxation period. However it is important to note
that a model with more exponential terms does not necessarily guarantee a better fitting.
Although not shown here, further splitting the regime 0.001–1 s into two does not improve
the results. Our study demonstrated that the exponential terms in the multi-exponential
model can be uniquely determined based on the stress relaxation data and its continuous
relaxation spectrum, which is essential in understanding the underlying microstructure and
mechanisms for the stress relaxation process.
6.6 Conclusions
In this study, we performed biaxial stress relaxation tests to investigate the changes in
the viscoelastic property of elastin with the eect of glucose treatment. Elastin shows more
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stress relaxation due to glucose treatment suggesting the possible microstructural modi-
fications. Continuous relaxation spectrum provides information to explore the relaxation
mechanisms and the microstructural changes. The changes in the intensity of short-term
and long-term relaxation components indicate the changes in hydrogen bonding and net-
work structure. After glucose treatment, an increase in the intensity of the short-term peaks
may correlate with the replacement of protein/water hydrogen bonds by protein/glucose
hydrogen bonds. A slightly decrease in the intensity of the long-term peaks suggests a
more rigid network structure. In addition, the dierent responses of untreated and treated
sample to initial stress levels provide further evidence that the relaxation mechanisms are
modified due to glycation.
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CHAPTER 7
CONCLUSIONS
7.1 Conclusions
Elastin is essential to provide elasticity to the aortic wall and to accommodate intermit-
tent deformations encountered during cardiac cycles. This dissertation provides the exami-
nation of the structural, mechanical, and biochemical contributions of arterial elastin using
coupled experimental and modeling approaches. The information gained in this study im-
proves the current understanding of the structural and mechanical roles of elastin in arterial
mechanics with the eects of immediate biochemical environments and provide insights on
the intrinsic mechanical contributions of elastin to the mechanics of arterial wall.
The information on both structural and mechanical properties of elastin and collagen
was incorporated into a new constituent-based constitutive model to predict the arterial
mechanics in which elastin and collagen are the major load-bearing elements. The model
advances the current understanding of the structure-function relationship of arterial wall,
and the structural and mechanical roles of dierent ECM constituents in arterial mechan-
ics. In the current model, collagen was separated into medial and adventitial collagen due
to their distinct structures and mechanical contributions. The sequential engagement of
ECM constituents was considered. The incorporation of the directly measured fiber orien-
tation distributions into the structurally motivated constitutive model reduces the number
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of estimated parameters to only intrinsic fiber properties and fiber content. The results
show that the model predicts the biaxial mechanical behavior of arteries reasonably well,
while requiring less mechanical datasets for reliable estimation. The model also reveals the
mechanical contributions from the major load-bearing constituents in the arterial wall and
shows that these contributions are highly dependent on the mechanical loading conditions.
The results demonstrate that this integrated model shows promises in fitting and predicting
with a small set of material parameters, which have physical meanings and can be related
to the structure and properties of the ECM constituents.
This dissertation also provides new understanding on the eects of biochemical envi-
ronments, such as water loss and glucose, on the structure and function alterations of arte-
rial elastin. The eects of water loss were investigated by using a two-stage liquid-vapor
method. The results show that water loss greatly compromises the mechanical function of
elastin. Water compartments in elastin possess distinct structural and mechanical roles as
both the extra- and intrafibrillar water contribute significantly to the elastic and viscoelas-
tic behaviors of elastin. Specifically, as the hydration level decreases, the bulk water is
removed first without aecting the dimensions and mechanical properties of elastin sig-
nificantly. Afterwards, the removal of the extrafibrillar water is accompanied with the
shrinkage and stiening of the tissue. Removal of large amounts of the extrafibrillar water
also results in an increase of stress relaxation. The results suggest that water loss probably
aects the hydrogen bonding between the extra- and intrafibrillar water as well as between
the intrafibrillar water and elastin molecules. The more obvious decrease in thickness than
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side lengths suggests that water loss leads to a much denser structure in the radial direction,
but induce relatively less eect on in-plane lamellar structure. A more isotropic behavior
after partial water removal is possible correlated with elastic fiber realignment.
Biaxial tensile and stress relaxation experiments were performed to study the eects of
glucose on elastic and viscoelastic behaviors of arterial elastin. The results show that the in-
teraction of elastin and glucose induces structural and mechanical changes in elastin. NMR
studies also provide evidences on changes in elastin backbone due to glucose treatment.
The mechanical behavior of glucose treated elastin exhibit an increase in both the stiness
and viscous dampening. The redistribution of water in elastin network is suggested by the
results of mechanical testing. An eight-chain statistical mechanics based microstructural
model was used to simulates the elastic response of the glucose treated elastin. The model
captures the elastic behavior at the macro-level reasonably well with microstructural ma-
terial parameters suggesting a denser elastin network with preferential fiber distribution in
the circumferential and longitudinal directions as a result of glucose treatment.
The increased hysteresis and stress relaxation with incubation time suggest the dynam-
ical and microstructural modifications in glucose treated elastin. Continuous relaxation
spectrum was obtained from stress relaxation data to explore the relaxation mechanisms
and the microstructural changes. The changes in the intensity of short-term and long-term
relaxation components indicate the changes in hydrogen bonding and network structure.
After glucose treatment, an increase in the intensity of the short-term peaks may correlate
with the replacement of protein/water hydrogen bonds by protein/glucose hydrogen bonds.
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A slightly decrease in the intensity of the long-term peaks suggests a more rigid network
structure. In addition, the dierent responses of untreated and treated sample to initial stress
levels provide further evidence that the relaxation mechanisms are modified due to glyca-
tion. A multi-exponential model was developed to describe the stress relaxation behavior
with material parameters obtained directly from the continuous relaxation spectrum. The
fitting results demonstrate that the exponential terms in the multi-exponential model can be
uniquely determined based on the stress relaxation data and its continuous relaxation spec-
trum, which is essential in understanding the underlying microstructure and mechanisms
for the stress relaxation process.
7.2 Outlook
Future studies are needed to understand the intrinsic structural and mechanical interre-
lations among ECM constituents, which determine the mechanics of arteries and may carry
important implications to vascular homeostasis and mechanobiology. The coexistence of
multiple ECM constituents and their interrelations may be important in maintaining the
fiber distributions in the arterial wall and contributing to the anisotropic tissue behavior.
It is important to understand the interactions between elastin and collagen in arterial wall,
which are currently unclear. Future experiments are needed for a better understanding on
the interrelations of ECM constituents. The current structurally based multi-scale constitu-
tive model employs the assumption of ane deformation. Future work is recommended to
take fiber rotation into consideration. Purified aortic elastin network was revealed to pos-
sess an inherent anisotropy, with the circumferential direction being stier than the longi-
110
tude, which is inconsistent with the relatively uniformly distributed elastic fibers. The con-
sideration of transmural variation in fiber distributions could better explain the anisotropic
behavior of elastin.
The bulk, extra-, and intrafibrillar water are revealed to be associated with the dimen-
sions and mechanical properties of elastin. The future studies of the interaction of these
water compartments and elastin molecules could improve the understanding of their roles
and contributions in detail. The mechanism of decreased anisotropy with the loss of wa-
ter calls further investigation. Fiber orientations is widely considered to be the structural
origin of the tissue anisotropy. There may exist realignment of elastic fibers, as the elastic
lamellae layers are more packed in the radial direction due to water removal. However the
mechanism of this change is still unclear and future microscopic studies are required to
fully understand it. The association of stress relaxation of elastin with the hydration level
indicates the role of intrafibrillar water in the viscoelastic property of elastin. Future work
is required to fully understand the mechanism of intrafibrillar water redistribution and its
eects on the rate of stress relaxation.
Continuous relaxation spectrum of elastin suggests a complicated structure that pos-
sesses both homogeneous and heterogeneous characters. The sources of such complicated
structure call more studies. Glucose treatment is indicated to modify the microstructure
of elastin, such as the protein-water hydrogen bonds as well as the protein-protein cova-
lent interactions. Some microscopic studies could provide insights on such microstructural
modifications resulting from glucose treatment.
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